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PREFACE. 



The proposal of a vibratory theory of light by Des 
Cartes was of little value until Huygens advanced to 
the undulatory theory, Tdiich he left nearly as it is at 
present received, but with the hypothesis of transversal 
vibrations added by Dr Young and M. Fresnel to ac- 
count for the polarization of light. Newton, having 
adopted a mixed vibratory and corpuscular theory, was 
by his doctrine of the polarization of Ught enabled to 
give a reason for phenomena observed in the double 
refraction of calc spar which Huygens could not recon- 
cile with an undulatory theory. Newton was, however, 
unfortunate in his hypothesis of * fits of easy reflexion 
and transmission,' formed to account for the occurrence 
of periodical colours; and his great authority during 
a century prevented the doctrine of interference, which 
had been advanced by Dr Hooke, from being accepted 
as the true explanation of the several cases investigated. 
The Newtonian theory numbers, however, amongst 
its disciples the great names of Laplace and Malus, and 
the latter must ever rank as a chief leader in the ad- 
vance of Physical Optics, by his mathematical investi- 
gations and his discovery of the polarization of light 
by reflexion at transparent surfaces. 
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The revival of the undulatory theory with the doc- 
trine of interference, at the beginning of the present 
century, is due to Dr Young, and its reception by 
mathematicians to M. Fresnel's analytical researches, 
which promised, when fully developed, to comprehend 
the discoveries of himself, of M. Arago, M. Biot, Dr 
Brewster, M. Fraunhofer and others. 

The expressing in mathematical formulae the won- 
derful and beautiful phenomena shown in the inter- 
ference of ordinary and polarized light, acted like an 
enchantment upon the mathematicians, and their glory 
and pride was to develop so surprising a theory. The 
inertia of the previous century came now into effect 
again in favour of the undulatory theory of light, and 
the investigations which professed to confirm or ad- 
vance it were extolled, whilst those which militated 
against it were rejected or met by an assertion that at 
the utmost some subsidiary hypothesis might be needed. 

In the experiment with the two mirrors slightly in- 
clined, M. Arago had stated that the central interfer- 
ence-bar was always a bright one, in accordance with 
the undulatory theory; but it was found frequently to 
be seen a dark one, contrary to that theory, and means 
were sought to secure for exhibition a bright central 
bar. This was first accomplished by passing the light 
at the luminous point through a minute aperture in a 
thin opaque plate so that the light was in a state of 
interference by diffraction before falling upon the two 
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PREFACE. V 

mirrors, and the interference produced by them was 
secondary, but it was exhibited as primary interference. 
Another ingenious method to produce the same result 
is by forming the luminous point or Hne with lenses, so 
as to have interference near a caustic, before the light 
falls upon the two mirrors. In the case of the so-called 
spurious rainbows the measures of the bright bars did 
not accord well with the theory, whilst those of the 
dark bars did so ; after full consultation, therefore, the 
former were suppressed, and the latter published. 

With the reiteration of blunders and the manage- 
ment described above, together with bold assertions 
of the most complete agreement of the facts of experi- 
ment with conclusions from the undulatory theory, it 
was asserted to be as certainly true as the theory of 
gravitation. 

With such advocacy it was not likely that the 
author of the present treatise would find companions 
in investigating critical points where the undulatory 
theory fails, and he has had the field nearly clear to 
himself for thirty years, until he had completed the 
experimental and mathematical investigations discussed 
in the Two Parts of the Work. The present Second Part 
was finished before the First Part was printed ; but on 
account of the delay in getting it published he was 
enabled to revise, correct, and expand the manuscript 
to some small extent. . The author is far from consider- 
ing that he has done more than commence the mathe- 
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matical discussion of ihe corpuscular theory of light ; 
but trusts that Physical Optics, recalled from one of 
its wanderings, may by-and-by take a straight course 
of progress, and that his long perseverance against 
dogmatic error will not be considered as lost labour by 
future investigators. 

London, 185d. 
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between of the and ray insej*t molecule or the 

c^r co-ordinates insert in figure 2, 

for surface read surfaces 

after SO vrnert fig. 3, 

after spheroid dde of revolution 

for-^^read-^^ 

after figure insert 7, 

amd below in the valttes of x ct»wi x ^"^ ^^ discussion of thenif 
for 7" put 7i a/nd add where 71 is an angle in the plane of 
xz such that tan 7^ =co8 6 . tan 7". 
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after point insert fig. 27, 
... point ... fig. 28, 
... ... fig. 39, 
for the square of the inclination read a constant multiplied 
into the square of the sine of the inclination 
96 17 for lower figure read figure 55, 
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PHYSICAL OPTICS. 

THE SCIENtJE OF THE NATURE AND PROPERTIES 
OP LIGHT. 



PART II. 



INTRODUCTION. 



Many cases were pointed out in Part I. where the undulatory 
theory fails to represent the phenomena which are observed; 
and these were not such, that modifications of the subsidiary 
hypotheses would produce conformable results, and bring that 
theory to represent them, but were at variance with the essen- 
tial properties of waves. Of these the darkness at caustic curves 
is observed, in place of brightness, which that theory requires ; 
the enormous discrepancies of the intensities in Newton's trans- 
mitted rings compared with those given by that theory; the 
glaring failure of the expression for the light reflected at a per- 
pendicular incidence from transparent surfaces; the failure of 
Fresnel's expression for the wave surface in biaxal crystals, are 
examples : and many other instances may be brought forward. 

The undulatory theory therefore being abandoned, we must 
recur to a corpuscular theory, with the principle of periodicity 
as an essential property of light ; or the luminiferous corpuscles 
must be considered as flying off in surfaces, sheets, or shells from 
luminous points, with intervals (\) which are constant for the 
same colour of the solar spectrum, but which vary from colour 
to colour, and have the values in the table, page 70, Part I. 

The property of polarization of beams of light is to be con- 
sidered as arising from the luminiferous corpuscles having dif- 
ferent properties on different sides, or having poles, axes, and 

PH. OPT. ' B 
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2 INTRODUCTION. 

equators, similar to what are recognized in the particles of 
ponderable matter, and a beam is called a polarized beam when 
the axes of the luminiferous corpuscles are all parallel. It will 
be found in the chapter on polarization that the axes must be 
considered to be in the luminiferous surfaces, and therefore the 
planes of the equators at right angles to them ; and that the 
plane of polarization of a beam of light is the plane to which 
the planes of the equators of all the corpuscles are parallel. 

Again, the axes of the corpuscles may be similarly situated, 
but the poles reversed in two interfering beams; and in this 
way the property which has been termed anatropy may arise, in 
some' cases. 
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CHAPTER I. 

ON THE REFLEXION AND REFRACTION OF LIGHT. 

The principal phenomena of the reflexion and refraction of 
light were explained in Chapter I. of Part I. of this treatise. We 
saw there that the reflexion of light might be compared with the 
rebounding of a perfectly elastic ball after being thrown against 
a hard surface; the component of the velocity of projection 
parallel to the surface being the same after as before impact, 
whilst the component perpendicular to it was first destroyed and 
then by virtue of the elasticity regenerated in the opposite direc- 
tion. The analogy here ceases, however, for when light is 
incident upon a reflecting surface part only is reflected, a small 
part is dispersed, and the remainder enters the substance of 
the body. 

The general properties of light in the cases of reflexion and 
• refraction having been discussed in Part I., w^ have need only 
to reconsider those properties which can be investigated mathe- 
matically from physical data, and thus to find the causes of many 
of these properties. 

Art. 1. Prop. In the refleodon of light the velocity of the 
reflected ray eqrmls that of the incident ray. 

For a luminiferous molecule which is reflected, we suppose 
the component of the velocity before incidence parallel to the 
reflecting surface, equals that after reflexion ; and the component 
perpendicular to the surface equals that after reflexion, but in 
the opposite direction. Let BAO in figure 1 be a reflecting 
surface, 8A a ray incident at A, AR the reflected ray, AN the 
normal at A, and let SAN the angle of incidence equal i, BAN 
the angle of reflexion equal t'. 

B2 
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4 ON THE BEFLEXION AND 

Let V he the velocity of a luminiferous molecule in the ray 
SA, u tlie velpcity of it in the reflected ray AB. 

Then from the ahove relation of the parallel and perpendicular 
components we have 

usmi'^v sin «, 

w cost' = — v cos t; 
/. tant' = — tant, and i' = — /. 

The plane of reflexion is also, from the conditions, the plane 
of incidence, 

also w^sin* «' + w*cos'z' = v' sin"i 4- v^ cos'*, 

or w*=v*. 

Cor. The converse of the above proposition evidently holds 
good, when the velocity after reflexion equals that before, and 
the angle Of incidence equals the angle of reflexion. 

The light which undergoes refraction in a transparent 
medium is subject to impulsive forces at the surface, which act 
through an inappreciable space only, and then within the medium 
the path of the ray is a straight line. 

Those media which have ordinary refraction, act with the 
same impulsive ^rces at their surfaces upon the molecules of 
light polarized in any planes ; but double refracting substances 
first analyze the incident beam into two beams polarized in 
planes at right angles to each other, and then exert impulsive 
forces upon the luminiferous molecules of these two beams, which 
difier. Cases of the variation of these impulsive forces in nearly 
every imaginable manner are aheady known, as may be con- 
cluded from the description of the double refraction and inter- 
ference results in Part I. 

In order to find the laws of the action of these impulsive 
forces, we have to consider as given the fttadamental properties of 
the ordinary refraction of transparent bodies ; namely, that the 
sine of the angle of refraction bears a constant ratio to the 
sine of the angle of incidence, and that the velocity of the lumi- 
niferous molecules in the refracting medium bears tl^ same ratio 
to the velocity in a vacuum, which the sine of the angle of re- 



Digitized by LjOOQ IC 



EEFRAOTION OF LIGHT. 5 

fraction bears to the sine of the angle of incidence*. That is, if 
t be the angle of incidence, e" the angle of refraction, as in the 
next proposition, fi the refractive index ; v the velocity of the in- 
cident molecule, u that of the refracted molecule ; we have 

sint* = /Ltsini', 

With these data we require to find how the impulsive forces 
act in directions parallel and perpendicular to the refracting 
surface at the point of incidence. 

Art. 2. Prop. To investigate the coefficients which deter^ 
mine the velocities of an ordinarily rejracted luminiferovs molecule^ 
parallel and perpendicular to the refracting surfou^. 

Let Oxy Oy^ Oz be the rectangular axes of co-ordinates ; and 
let the plane oi ooy he in the refracting surface of the medium. 
Let 80 be a ray incident in the plane of xz, which will not 
afiect the generality of the discussion, since the refraction is sup- 
posed to be ordinary refraction ; let the angle of incidence 80z' 
equal i; let OB be the refracted ray, and the angle BOz=^ V. 

Let V be the velocity of the molecules of light in the incident ray, 

u refracted ray, 

and /Lt the refractive index. 

Then we have the data, sin t = /Lt sin i\ and ym = v. 

Let ?, 992, 72 be the coefficients due to the impulsive forces, 
which multiplied into the velocity of the luminiferous molecules 
of the incident ray parallel to the co-ordinate axes Ox\ Oy^ Oz^ 
give the velocities of the molecules in the refracted ray respec-^ 
tively, parallel to those axes ; or 

let u sin i' = ? . t; sin /....•••.••....•.• ..(1), 

w cos i' = w.t? cost ••••••••.. (2), 

and in ordinary reaction m = Z; 

• See Part I. page 9. 
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u&int usini' 



frdm (1) I = 



V &in t fiu.fi sm « 
1 



>"' 



-^ .^. w cos i 
from (2) n = r # 



, 9 w^(l— sin*/') 

and w'' = — Vi 2-^ 

fiu cos t 



fi" — sm t 

ft* COS* z 






sec* t. 



^ This vialue of w*, with ?= -4 , and m' = — 4 , are the squares of 
the coefficients required. 

Art. 3. Prop. To Jlnd the forms of the lummiferom suv" 
face in a plate of a uniaocal crystal cut perpendicularly to the aacis, 
when the ordinary and extra/ordmary tays trav&rse the axis vrith 
the same velocity. 

Let the plane of xy be the plane of the surface of the plate, 
and let Oz be. the axis of the crystal passing through the point 
of incidence 0, of a ray 80. 

The refraction being symmetrical with respect to the axis Oz^ 
the coefficients for the velocities parallel to the plane of xy are 
the same in all directions around Oz^ and we may take the plane 
of xz for the plane of incidence. 

Let the angle 80z* =■ i, the angle of incidence ; and OB, OR' 
be the two refracted rays, of which OB is the ordinary ray and 
polarized in the plane of incidence and riefraction, which is a 
principal plane of the crystal*; and OB' the extraordinary ray 
polarized perpendicularly to the principal plane. 

• See Part I. page 16. 
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REFRACTION OF LIGHT. 7 

Let OB make the angle of refraction BOz ^f with Oz^ 
OR EOz^r 

Now OR being the ordinary ray, the coefficients l^ m, n will 
be as in the last Article, or 

, 1 /Lt*— I 5 . 

w = —4-1- ^ 4 sec* 2, 

and OR being the extraordinary ray, let the coefficients be 
l\ m\ ri with the velocities of the two rays equal in (?«, but 
unequal in other directions, and 

^ 1 . /*"-! ,. 

w — Q to "t* tt - fa , sec ^» . 

Let «; be the velocity of the lundniferous molecule in the inci- 
dent ray, u its velocity in the ordinarily refracted ray, and w' its 
velocity in the extraordinary one; we have 

u^ sin* i' = Pv* sin^ « = -4 sin* t, 

v^ cos' a = nV cos* t 

. a . /LtV sin* V 



3 . /LtVcOS**" 2 , , 

COS*t = C__ ^« + i, 

and since sin*i + cos*t = ^-5-(sin*i'4-cos*t^ — /**+ 1, 
or /Lt*w* = v^. 
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whicli is identical with one of tlie fdndamental data, and if ^ be 
the time of traversing any distance in 0-B,.and is the focus to 
which a pencil of incident rays converges, then w< is the radius 
vector of the lumlniferous surface within the plate, and 

V 

which varies only with ^, and is therefore the radius of a sphere 
with center 0, as we conclude also from h priori considerations ; 
and the point may be taken as a luminous origin upon the 
surface. 

Again, for the luminiferous molecule of the extraordinary 
ray, 

2^'*sin»r = ?Vsin%- 



«" cos*^*" = n"*©* cos' » 

and snbstitating as before, 

sin'» + co8'» = 1 = ^ (/«'* sin* i^'+fi^fi" cos'*") -fif + l, 

l+(^_l)cos«r 



or ^^.f= , r N > 



and thus multiplying both sides by ^, we have the equation of 
an ellipse to the center, between the radius vector ut and the 
angular ordinate i'\ which is measured from the major or minor 

axis of the ellipse, as f ^ — I j is negative or positive respec- 
tively. 
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For if 
AO = a^ semi-major axis of the ellipse in figs. (4) and (5), 

BO = 5 = semi-minor ..* 

PO = p = radius vector, and angle FOB = 5, 
also P0A=^4>; 

then by conic sections, we have 



p*- 



1 + 






and p = », . 

t 

Comparing with the values of wV, we see that the lumini- 
ferous surface for the extraordinary rays will be a spheroid of 
revolution, and oblate if /Lt is greater than fi, but prolate if /Lt be 
less than, fi. The former is the case for calc spar, and the latter 
is the case for ice. 

Art. 4. Prop. To find the retardation of one luminiferoua 
surface heJiind the other in vmaxal crystals at given points. 

Let OA = a, OB = & be the semiaxes of the generating ellipse 
of the spheroid in fig. (6), which is the luminiferous surface of 
the extraordinary rays, and taken first aa oblate; and 0-4'= J 
the radius of the sphere which is the luminiferous surface of the 
ordinary rays. 

Then if the angle BOZequsia i'\ we have firom the equation 
to the ellipse, 



1 


1 + 


(? 


-l)c08»»" 


? 


1 




a' 
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a«d 1 1 _ p'-y {p-h){p + b) 

^^^ V p*~ by ¥p ~ 

/. the retardation p--b = '—r? tt- sin* i". 

'^ a'ip + h) 

Now near tlie axis Oz, we have p = 5, nearly, 
and the retardation pB ^p — h 

= ^ ^^8 ^ 8in* « , nearly. 

Cor. 1. When the spheroid is prolate> we have 

and the retardation a — p^ ^ ,, — -' sin' *", * nearly. 

Cor. 2. When the light has traversed the plate of the 
crystal and emerged into air, we have the thickness of the plate 
equal to 6 in the first case and equal to a in the second ; and 
also i being the angle of incidence, we have 



/** 



near Oz, and the retardation in air is 

fi X pB = — ^ — 5 — ' sin'i, for negative crystals, 

/L6 x^B = qjji ^"^' *' ^^' positive crystals. 

Art. 5. Prop. To find the relative directions of the two 
rays in uniaocal crystals near the optic aosis, which arise from a 
single incident ray. 

From the last proposition we have, since n = n', when « = 0, 

wV cos* i = u^ cos' t" 

= t*«cos'r, 



Digitized by LjOOQ IC 



REFRACTION OF LIGHT. 11 



and «?* sin* t = /aV sin" «' 

= ^V*sin»r; 
/. dividing, we haye /i* tan' i = /tt'* tan' i'\ 

or, tan {' = -^j tan i\ nearly, near the optic axis. 

Now in calc spar fju is greater than /Lt', and therefore e" is 
greater than i\ When i is not equal to nearly, the correct 
values of n and w' must be taken. 

When the luminiferous surfaces of the incident rays are 
planes, those of the refracted ones are so also, and their positions 
are found by the method of Huygens, as in Part I. Eeciprocally 
the luminiferous surfaces after emergence into air again are 
planes, perpendicular to the parallel emergent rays. 

Art. 6. Prop. When lAe surface of a plate of a untaxal 
crystal is a principal plane, to determine the direction of the 
extraordinary ray which corresponds to a given incident ray. 

The refracting surface being a principal plane, let it be taken 
the plane of xy, and let the optic axis be Oo; in the figure, and 
the crystal a negative one, as calc spar. Then in Art. (3), the 
luminiferous surface of the extraordinary rays was found to be 
an oblate spheroid, and in the present case the ray which is. 
incident perpendicularly to the refracting surface will suffer no 
deviation in the direction by refraction, and the expressions 
for Z', m', n will be of like form to the last. 

Let a", )8", 7" be the angles made with Ox, Oy, Oz re- 
spectively by the extraordinary ray* 

Let a, y8, 7 be the angles made with Ox, Oy, Oz respectively ' 
by the incident ray. 

Let p be the radius vector of the €(lliptic section of the oblate 
spheroid by the plane of xy, and -or = - ; 

xt, xx: 2 1 COS'^ sin' 5 J j^ , f2 • a/1 

then putting -57'' = — j = —^ — I 5— = /Lt' cos' ^ + /Lt^ sm' ^, 

p o a 

where 6 is the angle which p makes with Ox, the minor axis, 
and which the plane of refraction makes with the plane of xzy 
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12 ON THE REFLEXION AND 

and r = i, »»'» = 4, n'« = -i-.{l + («r*-l)8ec'7}, 

fJlt fU fl VF 

as in Art. (3), 

we have w" cos* a" = Pv^ cos' a 

t^'cos'g , V 

"" /^* -^ •••'^^^^ 

w''co8')8" = mVcos'^ 

t;^C08*/8 



.■ <^'' 



«^C08*7"=71»J?C0S''7 



/Lt 'GT 



and l=cos*a + cos'^ + cos*7 



..'a 



= ^ 0** co8« a" + /*'* cos' i8" + /tV« cob' 7") - «r* + 1 ; 

and tUs valne of -^ being snl)stitated in the equations (1), (2) 
and (3), we have the values of a", fi'\ 7" in terms of a, fi and 7. 

Let (f) he the angle which the plane of incidence makes with 
the plane of xz, and in fig. (8) equal to the arc BG in the sphe- 
rical triangle ABG upon the surface of a sphere with center O 
and radius unity, where arc AB^a^ and arc AG^d(f—yy 

then cos AB = cos -4 (7. cos BG^ 

or, cos a = sin 7 . cos ^ ; 

similarly, cos /8 = sin 7 . sin ^, 

and for the refracted ray, we have similarly, 
cosa" = sin7"cos5, 
cos)8" = sin7"sin5; 
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REFRACTION OP LIGHT. 13 

sabstdtuting these values in equations (1) and (2), and dividing 
(2) by (1)*, we have 

/I /^* 
tan ^ = i-~ . tan 9, 

which gives the plane of refraction and the value of -or*, by sub- 
stitution in 

'UT^ ^fi"" cos* + fi'*sm^0. 

Let the plane of incidence be the plane of xz and a principal 
plane, then ^ = and 5 = 0, 



and 



t;'_ /^*sin"y^ + /^Vcos°7" 



= /*«sm*7" + /*''cos^7", 



and cos* 7" = -nTTs-j (cos^ 7 + ^" - 1) 

fl u ^ 



= (/i«sm«7 + mT cos' 7") (^ — -I^ j ; 

/. /.'tan'/ + /^-«= Z^'!, , 

J X fr /Lt'sin7 

and tan 7" = — -ff-^ J-^-^ ; 

/AV(/^'-sin'7)' 

when 7 = 90V we have 7" the critical angle, and 

ff /^' 

In calc spar with Malus's values of fi and fi\ we find y" in 
this plane to be 34®. 14' for the critical angle. 

Again, let the plane of incidence be the plane of yz, and the 
plane of the equator of the spheroid, then ^ = 90® and = 90®, 
tsr« = /A"; a" = 90®and/3" = 90®-7'*; 

^ /. ^. = /'(sin»7" + cos'7") = /*", 
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14 ON THE BEFLEXION AND 

CO,. ,/'_ cos' 7 +/*"-! , sin' 7 

sin»7"=— ^, 

as in ordinary refraction with /Lt' for refractive index, and putting 
7= 90®, we have the critical angle from 

sin7 =->; 

for calc spar in this plane we find the critical angle to be 42<>. 23', 
whilst that of the ordinary rays in all planes of incidence is 
37^ 12'. 

If we grind and polish a small plane such as ahc, fig. 9, a 
principal plane at a solid angle of a crystal of calc spar, and 
cover it over with a piece of tin foil having a minute hole in it 
as marked in the figure, and then form around that minute hole 
as center, a spherical surface ABG^ we may observe the appear- 
ances shewn in fig. 10. The spherical surface ABC being 
left finely ground but not polished, it serves as a screen to 
receive the ordinary and extraordinary rays when the small hole 
in the tin foil is turned towards the sun or flame of a lamp. 
Opposite the hole we see a single bright spot a where the two 
rays coincide; on each side of it in the principal plane we see that 
the two rays separate and the ordinary ray, which is polarized 
in that plane, is the farthest from a ; whilst in the plane at right 
angles to it, the ordinary ray is nearest to a. These are repre- 
sented in the figure by the spots marked e and o. When the 
piece of crystal is turned about, it is very interesting to see how 
the ordinary and extraordinary spots turn about each other. 
The phenomena are in accordance with the above investigations. 

Art. 7. Though quartz is ranked with the uniaxal crystals, 
it has peculiarities which have been discussed in Part L The 
two rays are to be considered as elliptically polarized, becoming 
circularly polarized along the axes of the crystal, and plane 
polarized at right angles to it. We may consider the sheets of 
the luminiferous surfaces as splitting each into two, polarized at 
right angles, as we approach the optic axis, of which- one part 
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REFRACTION OF LIGHT. 15 

has a retardation of one-fourth of an interval behind the other; 
and when the light passes along the axis the two parts of each 
ray become equal and then constitute circularly polarized light. 
One of the two rays in this manner becomes circularly left- 
handed polarized light, and the other circularly right-handed 
polarized light, and they traverse the axis with different velocities: 
in right-handed quartz the latter travels quickest, and in left- 
handed quartz the former travels quickest. 

Art. 8. The most general case of a crystal which we can 
conceive, is that in three rectangular directions the velocities 
within it shall be all different, and if fi^ is the index for a ray 
traversing the axis of x and polarized in the plane zx, and ^^^ 
when it is polarized perpendicular to that plane; iiy and ytt/ 
similarly the indices for a ray traversing the axis of y ; and also 
IJL^ the index for a ray traversing the axis of z and polarized 
perpendicular to the plane of xzy fij that when polarized perpen- 
dicular to the plane of yz. Then the most general case would 
be when the quantities fi^, fiy, fi,, fij, fij, fi^', were all different. 
Now we may imagine cases, where the luminiferpus surfaces 
were ellipsoids and one within the other 5 and other cases where 
two ellipsoids would intersect. The case of quartz approximates, 
with peculiarities, to the first of these, but we have no instance 
of the latter being met with. The case of biaxal crystals occui'S 
as in the next Article. 

Art. 9. To consider the compositions of the velocities and 
polarizations of the luminiferous molecules along the three rect- 
angular axes in biaxal crystals, let OL, in figure 11^ represent 
the velocity of a ray in the axis Ox within the crystal which 
is polarized in the plane of xz, as represented by the letter H ; 
and in the same way let OL' represent the velocity of the ray 
in the same direction when polarized in the plane of ary, as 
represented by the letter H . Let OM and OM' represent in 
like manner the velocities and polarizations of the rays in Oy ; 
and ON, ON' those of the rays in Oz polarized in the planes of 
yz and xz respectively, as indicated in the figure. 

Now a ray in the quadrant xOy would have its velocity and 
polarization determined by compounding OL and OM, or 07/.'. 
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ttnd OM'y and the former would be polarized in a plane passing 
through the raj and the axis Oz^ whilst the latter would be 
polarized in the plane of xy. By the same procedure OM and 
ON would compound together for the velocity of a ray in th^ 
quadrant yOz polarized in that plane; and 0M\ ON' for the 
velocity of the ray in the same quadrant when polarized in the 
plane through the ray and the axis Ox. We have still to con- 
sider the composition for rays in the quadrant xOzy and we see 
that OL must be compounded with . 0N\ and OL' with ONj the 
former being polarized in the plane xOz^ and the latter in a plane 
passing through the ray and the axis Oy. In this manner the 
re-composition with the results for the other co-ordinate planes 
cannot be continuous, when we require the velocity and polariza- 
tion of a ray passing from any where in the solid angle con- 
tained by the co-ordinate planes. 

We see hence how the break in the trace of the luminiferous 
siuface in the plane of xz, arises in biaxal crystals. 

Art, 10, Prop. To determine which of the two rays belongs 
to the inner and which to the outer sJieet, of the luminiferous sur^ 
faces, in a plate of arragomte, cut perpendicvlar to the line bisecU- 
ing the optic aoces. 

Keferring to the description of the experiments and figures 
(25) and (26), Part I., 

Let fJix9 f^v9 f^» ^® ^^ greater indices in the axes Ox, Oy, Oz 
respectively in figure (11). 

Let /Lt^', fly, fij be the indices in the axes Ox, Oy, Oz re- 
spectively for rays polarized perpendicularly to the former, and 
so that V being the velocity of the incident rays, we have for the 
inner sheet Oi = space in Ox, 0M= space in Oy, 0N= space 
in Oz, described in the same time ; and for the outer sheet, 
OL' = space in Ox, OM' = space in Oy, ON' = space in Oz^ 
described in the same time. 

In order to find which rays belong to the inner and which to 
the outer sheet, we must employ the method of Art. (5) for 
uniaxal crystals with the sphere and spheroid for luminiferous 
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surfaces ; and assume imaginary ordinary rays for the purpose of 
comparison. In that article we obtained the expression, 

tan t" /i' 
tani /i 

Now if t' and t" are the angles in the plane of xz made with 
the axis Oz by the two refracted rays in biaxal crystals, let */ 
and \" be the angles made by the supposed ordinary rays and 
refractive indices fij, /a, respectively. Since OL compounds with 
ON' in fig. (11), and OL' with ON. Also i" being the angle for 
rays polarized in the plane of incidence, and i" the angle for those 
polarized perpendicularly to it. 



Then 



X • r "" ""a ana. , . // — « • 

tanij fij tanij fi„ 



Dividing one of these expressions by the other, we have 



tanr tan/; _ fi^.fi^^ 

But from the property of ordinary refraction, and i equal the 
angle of incidence, 

sini 
sintV A^; /i, 
sini/' sini /a,' 

= 7 — rr, nearly, when \ and t/' are small. 

Therefore near Oz, by substituting, we have 

ta.ni" ^ fi, /i/ 
tant" fij'fij^' 

Referring to figure (11), the rays for the outer sheet near Oz 
have fig, and /a,' for indices, and i' for angle of refraction ; whilst 
the rays for the inner sheet have fij and /a, for refractive indices, 
and *" for the angle of refraction, and we have 

2 






PH. OPT. 
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18 ON THE REFLEXION AND 

Therefore i" is greater than t", in the plane of xz, and near 
Oz ; and the rays polarized in the plane of xz are nearer to the 
axis, and belong to the outer sheet, whilst the rays polarized 
perpendicular to the plane of xz are further from the axis and 
belong to the inner sheet. From this discussion we see on com- 
paring with figures (25) and (40), Part I, that the eyelet-hole 
is in the outer sheet, and the conical point in the inner one, as 
shewn in figure (26), the plane of polarization of the rays turning 
through ninety degrees as we pass from one side of the eyelet- 
hole or conical point, to the opposite side ; from the nature of 
the composition which has been described, and according with 
M. Biot's law of the polarizations. 

Art. 11. Prop. To find the eqtmttons of the luminiferous 
surfaces in btaxal crystals when the refracting surface is perpen' 
dicular to the line bisecting the angle between the. optic axes^ 

As in the last two articles, let fi^, fiy, fi, be the largest in- 
dices in the axes Ox, Og, Oz respectively ; and fij, fi^, fij the 
smallest indices in the axes respectively. 

Let a, /S, 7, be the angles which an incident ray makes with 
Ox, Og, Oz, respectively; a', ff, y; a", ^', y" those which the 
two refracted rays make with them. 

Let V be the velocity of the luminiferous molecules in the in- 
cident ray 80, figure (12). 

Let u be the velocity in the refracted ray OB' belonging to 
the outer sheet, and making angles a', ^, y with the axes. 

Let u be that in the refracted ray OB belonging to the inner 
sheet, and making angles a", fi", 7", with the axes respectively. 

Then Z, l', m, n', being the coefficients which multiplied into 
the velocities in the axes respectively of the incident ray, give 
the velocities of the refracted rays of the outer sheet; and 
being the angle which the plane passing through Oz and OB of 
the inner sheet makes with the plane o£ xz; ff that which the 
plane passing through Oz and OR of the outer sheet makes 
with the plane of xz ; 

let tsr* = fi* cos' + /a/ sin' 0, 
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and «r'' = fi^ cos' ff + /Lfr^" sin* ffy we have 

71 1 J »s l + («r'*— 1) sec'7 .^,. ^, 

"= — 4, and n^ = ^ — ^ — ^ = within the optic axes, 

Z" = — ,4 , andw''= ^^-5 — L without the optic axes, 

also w'' = — n* 

Let 7 be the value of 7" in the plane of xz at the optic axis, 
or the angle AOz in the figure. Then in the traces of the 
luminiferous surface on the plane of xz^ there are breaks at A 
and A' the optic axes, and expressing the discontinuity by Mr 
Rawson's method*, let x ^^^ X ^ *^^ operating functions of 
discontinuity, and 






Now 7 -» 7" being always positive, we have ;^ = 1 for all values 
of 7" from Oz to the optic axis AO^ X==^ ^^^ ^ values of 7" 
from ^0 to Ox. In the same way x = ^ ^'^^ ^ values of 7" 
less than 7, and x' = ^ ^^^ ^ values of 7" greater than 7. 

As before, we have 

s s f 7s s 2 a /i.a,Vcos*a' 
ti'cos'a =ZVcos'a; or cos'a = ^-^ — ^ , 

J 2 , „ , J « /A,Wcos'7' ^ , , 
w'cos'7 =nVcos'7; or cos 7 = ^-^^ ^ — -cr^+l, 

within the optic axes ; and 

% % f mji % 2 ffcfl^'Vcos'a 
w'cos*a = rtrcos'a; or cos'a = ^-= — 2 > 



, - , ,j 2 , 5 u,Wcos'7 ^ , , 
w' cos' 7 =n Vcos' 7 ; or cos' 7 = ^ tj ^ — -cr^ + 1, 

without the optic axes. 

* See the Memoirs of the Literary and Pkiloeopkieal Society of Manchester, New 
Series, Vol. vm. for 1847. 

C2 
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20 ON THE REFLBXION AND 

Also w' cos*/8'=wVcos*/S; or cos /S = f-^ — ^ — ^. 
Therefore snbstitutiiig we have 
1 = cos*a + cos*/S + cos' 7 

= |^.0^,*cosV+/..''t^''cosV)-i^Vl}x 

* + {^ (/.;*cos'a'+ /i.Vcos'7') - 1^'^^- l}x +/^y"cos'i8'^! . 

Now striking out 1 on both sides, whether x or x ^^ cflfective, 
and dividing down w", we have 

^' = ^.{0^.*cos'a' + /i.''t^'»cos«y)x 

+ (/.;*cosV + /i>'"cos«7') x' + A^'*cos»/8'}, 

which, multiplying w' and if each by the time squared (f), is the 
equation of the outer sheet of the luminiferous surface. 

The same procedure gives the equation of the inner sheet 
as follows : 

* + 0^; cos'a" + /i.'»tsr« cosV) X + t^y cos»)8"}. 
These are represented in figure 12. 

Art. 12. Prop. To find the angle between the optic axes in 
hiaooal crystals. 

At the conical point of the inner sheet the values of u' are 
equal for the two parts of the expression affected by x ^^^ X* 
Then we have at the conical point 

also in the plane of xz^ we have ^ = and «r' = /a/ ; then equating 



the two parts of the value of -j^ we find 



/i,;nan'7 + /i,>/ = /i,,*tan'*7 + /^.Vx'; 
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which gives the value of 7, and when fi^ = fi^^ the crystal be- 
comes uniaxal and 7 = 0. 

Mica is generally a biaxal crystal with large separation of the 
axes, but certain kinds have the axes very near together, and 
soine are to all appearance uniaxal. In some crystals, such as 
topaz, the velocities of the polarized rays are the reverse of those 
taken as in fig. 11 to represent the case of arragonite, and the 
equation must be modified accordingly. Arragonite is some- 
times called a negative and topaz a positive crystal. 

Art. 13. Pkop. To Jind the angular separation of the two 
rays toithin the Cfptic aoces, which arise from the same incident rayy 
and to Jind the radius of the eyelet-hole in the outer sheet. 

If ^ be the angle between the two rays, we have 
cos = cos a' cos a" + cos ff cos /S" + cos 7' cos 7", 
and from Art. 11, within the optic axes, 

cos' a = /i<5* -2 cos'a = /ij* -5 cos' a", 
cos')8 = /.;*^cos')8'= /./ ^^cos'/S", 

C0s'7 = /A.''tsr"j'c08'7'-'cr''+l=/i,V^C0s'7"-'5r'+l; 

substituting the values of cos a, cos )8', cos 7 from these expres- 
sions, we have 

cos^ = | r^^cosV+ ^^cos'/S" 

and a similar expression may be obtained in terms of a, fi\ y'» 

Let ^ be the separation at the optic axis which is the radius 
of the eyelet-hole, when ^' = 90' nearly, and a" = 90" -^ 7 ; then 
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omitting the small term with the factor («•* — -»•'*) under the sign 
of the square root, we have, since then w = w, «r = /i^jj '»'' = M« > 

co8 5=^8in»7 + -^cos*7, 

which gives ^ when 7 is known. 

Art. 14. Prop. To find the retardation of one sheet behind 
the other when the rays have^ coincident directions. 

Taking x = 0> ^i^d % = 1 in the equations of Art. 11, we have 

^ = 1 K^COSV +/t.''lir'' C03V+M»'*C08'/8'}, 

and putting for coincidence of directions a" = a, iff' = iff, 7"= 7', 
we have,, taking «r' = «r nearly. 



but, W7 ^Z^r 

therefore, 8in«7 ^ ^'(^'-/^.'^ 






cos' 7 = '^ 



putting i? = ^-^-^-^^^->>'-^>^), 

we have 

1 1 7? 1 

^- ;? = :j? {- cos«7COs»a'+sm«7COS»7 +-g^ it^y-t^y*) cos»^}, 

putting ^ = ^'^p V 3 and since a' = 90^ - 7' + a small quantity 
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near the plane of xZy where also cos /S' is small, let 
cos' a' = sin'y — A, 

where A is small, then the above expression becomes 

1 1 J2 

-li 5 = -^{ — cos'7(sin'7 - A) + sin'7C0s'7 + Qcos'^} 

= -j {(cos 7 sin 7+ cos 7 sin 7 ) (cos 7 sin 7 — cos 7 sin 7) 

+ Ccos')8' + cos'7. A} 
= ^ {sin (7 + 7) . sin (7 - 7') + Qcos'ff + A. cos" 7}. 

In figure 13, let A, JB, A', P, be points on the surface of a 
Sphere, whose center is and radius tmity, also Aj A' being the 
optic axes ; then OF being a refracted ray, let PB = 7 , AP= «, 
A'P=a)\ and near the plane of xz we have 

AP^ AB — jRPnearly, or « = 7 — 7 , 

A'P^ A'B + BP nearly, or «' = 7 + 7', 

, I I B . , . , 

and -75 5=-5sm« .sm© nearly, 



whence w — w' = -^-: — (-- -) 

u -Vu \u vrj 



uB . • I 1 

= -^ ®i^ © . sm G) nearly; 

multiplying each side by the time in traversing OP we have 
the retardation S as follows, if T be the thickness of crystal 
traversed by the ray, and 

r= u X time, 

cs T.B . , . 

/. o = ----r-smo> . smo), 
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which IS M. Biot's approximate law for the retardation in biaxal 
crystals, and may be put under the form 

If we put X = 1 and %= 0, we have for points without the 
optic axes the same expression for the value of S, which is 
therefore general for points near the plane of the optic axes. 

Where the rays have emerged into air again we shall have 
the retardation equal to that immediately before emergence 
multiplied by the refractive index, and this may be supposed 
to be contained in the coefficient k. 



In order to compare the expressions which have been foimd 
for 7 and ^ in Arts. 12 and 13, with experiments, we require 
to know the values of the six refractive indices, or if any of 
them are equal it must be determined experimentally. Whilst 
it was supposed that all double refracting crystals were of 
the same class as calc spar, or were uniaxal, M. Mains* con- 
cluded that the single axis in arragonite was parallel to the 
axis of the prism of the crystal, and he measured the greatest 
and least values of the refractive index to be 1*693135 and 
1*534802. In sulphate of barytes he concluded the axis to be 
parallel to the small diagonal of the base of the crystal, and 
the greatest and least values of the refractive index to be 1*646842 
and 1*635242. 

M. Rudbergt, considering that three of the refractive indices 
according to M. Fresnel's theory were suflScient to determine the 
elasticity of the hypothetical aether in the principal axes within 
biaxal crystals, proceeded to determine them for arragonite and 
topaz, with sets of prisms cut from the same crystals, and having 
their refracting edges parallel to these axes. These suppositions 
required only three prisms to be made of each substance, and 
with them the refractive indices were found for the different 
fixed lines of the solar spectrum. Those for the fixed line F 

* M4moire8 des Savcms Mrangers, Tom. n. for 1811. 
t Phil. Mag, for August, 1832, page 140. 
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coincide the nearest with the values of M. Mains ahove. For 
the fixed line E the values are as in the table. 



Airagoiute. 


Topaz. 


1-53264 
1-69084 
1-68634 


1-62408 
1-61452 
1-61668 



If these crystals were conformable to the supposed rule of 
the xindulatory theory, it' still would require to be examined for 
others belonging to the obKque prismatic system of crystalliza- 
tion. 

Now the above values give the angle between the optic axes 
within the crystal or twice 7, from M. Fresnel's formula, to be 
19^. 53' and in air 33°. 51'. The measures in air were found by 
M. Eudberg to be ab%ut 32° and by Professor Lloyd to be 
31°. 56'*. Sir D. Brewster f first measured the angle between the 
axes within a crystal to be 18°. 18', but on a careful re-examina- 
tion found it 17°. 33', and in air 29°. 56'. These results diflfer so 
considerably from the theoretical values that we may conclude 
the six values of ^ will not be found eventually to be reducible 
to three in arragonite. 

• Pha, Mag, for February; 1833, page 112. 
t Ihid, for August, 1832, page 147. 
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CHAPTER IL 

ON THE POLARIZATION OP LIGHT AT TRANSPARENT 
SURFACES. 

On the corpuscular theory, light must be considered to 
consist of molecules emitted in sheets following each other at 
the distance X, the sheets being perpendicular to the rays in 
ordinary media; and we require to consider each molecule as 
compounded of atoms of various subtile matters, in order to 
accoxmt for the different properties of the rays as chemical, 
luminiferous, and heat-making. Such molecules, like the mole^ 
cules of crystallized bodies, must also have axial and equatorial 
directions, and may have three principal axes in some cases. 
We find the phenomena of polarization to indicate that the axes 
of uniaxal molecules are in the luminiferous surfaces^ and the 
planes of the equators are perpendicular to them and pass 
through the rays of light in ordinary media. 

When a beam of light is polarized in any plane, all the 
equators of the molecules, and therefore all the axes, are parallel. 
The plane of the polarization is the plane passing through a ray 
and the equator of the luminiferous molecules of that ray. The 
plane passing through the ray and the axis of the molecule is 
consequently at right angles to the plane of polarization. 

When a molecule arrives at 0, figure (14), let qSe be the 
plane of its equator ; then the plane of polarization of the ray 
80 is the plane qSe. 

Let Op be the direction of the axis of the molecule ; NO 8 
any other plane making the angle N8q = a with the plane of 
polarization ; >^ an arc of a great circle through p. Then the 
angleiV/^ = 90'-a. 
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Aet. 15. Pkop. To investigate the law of the polarization 
of a beam of light after reflexion at a transparent surface. 

Let 08 be the incident ray in figure (15), OT the reflected 
ray, OB the refiracted ray, and NON' the normal to the refiract- 
ing surface at ; the axes of the molecules must be in the lumi- 
niferous surfaces for these rays. 

Draw a sphere with radius unity and center 0, meeting 08 
in 8j OT in T, and OB produced backwards in <?. Let Op be 
the direction of the axis of the incident molecule, and Ot that 
of the reflected molecule ; then the angles 80p and TOt are 
each 90°, from the previous discussion. Now from experiment it 
appears that the axis of the molecule in passing from the 
direction Op to Ot goes through a position Oa in the luminife- 
rous surface of the refracted ray BOd] and that 08, Op, and 
(?a are in one plane, whilst Oa, Ot, and Tare in another. 

Draw the arcs of great circles 8NT, 8pa, da, Tta with 
center and radius unity ; we have 8p, da^ Tt, each 90''. Let 
the angle of incidence SON— t = the angle of r^exion TON; 
and the angle of refraction BON* = ** = angle NOd. 

Let a be the angle which the plane of polarization of the 
incident ray makes with the plane of incidence, fi the angle 
which the plane of polarization of the reflected ray makes with 
it ; then, as before explained, the angle NSp = 90® — a, and the 
angle JVTi5 = 90® -)8. 

Now in the spherical triangles 8ad, Tad, since da = 90®, we 

have 

cos N8a = — cot iSc? . cot 8a, 

or sin a = — cot (t — i') cot 8a, (1) 

cos NTa = - cot Td . cot Ta, 

or sin /S = - cot {i+ i*) . cot Ta, !.(2) 

, . ^ mi8Ta . ^ 

also smm = -: — ^^^-smia 

sm T8a 

= ^^smTa (3) 

COS a 
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Eliminating /Sa and Ta from the equations (1)^ (2), and (3), 

we have 

tan')8 tan'g 

cos' (i + i') " cos* (i — i') ' 

or extracting the square root and retaining the negative sign, for 
)8 considered positive in the same direction as a, 

X o * cos(; + i') 

tan )8 = - tan a . 7-: — 4 y 

cos (t — » ) 

which is Fresnel's formula. 

When {i+i') = 90^ cos {{+ {) = 0, then tan)8 = whatever 
tan a may be ; that is, the reflected light is polarized in the plane 
of incidence, even if the incident beam contained rays polarized 
in different planes. We see that when t + 1" = 90°, the reflected 
and refracted rays are at right angles, and 

• f\/\o f • • •/ sin % 
t=z2(y^^ .•.cosi = smi= , 

.*. tan { = fij 

which is Brewster's law for the polarizing angle at transparent 
surfaces. 

Fresnel's law as above has been examined by M. Arago and 
Sir D. Brewster*, and maintained by them to be strictly accurate ; 
M. Jamin however, by more accurate experiments, has found it 
to be only a first approximation f for the greater number of 
transparent bodies, but is the accurate law when the refractive 
index is 1*46. 

Art. 16. Prop* To investigate the law of the polarization 
of a beam of light after refraction ai the surface of a transparent 
body. 

Let the letters in figure 16 refer to the same points as in 
figure 15. 

Then Oa being the direction of the axis of the refracted 
molecule, and da = 90®, the angle adS equals 90° minus the angle 

• Phil. Trans, for 1830, page 137. 

t Aniudes de Chimie et de Physique for 1850, Tome xxix. page 263. 
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which the plane of polarization of the refracted ray makes with 
the plane of incidence ; let 7 be this angle, or 7 = 90° — z adSj 

^. sin 8a ain ad . ^ cos 7 

then —, — JO--' ^jy or am 8a= -; 

sin oao sin aoa cos a 

again, cos a8d= — cot 8d . cot 8a, 

cot {i— {') 



or tan 8a=^ — - 



sma 



Eliminating 8a between these equations, we have 

cos*7_ co^ {i—i') 
cos'^ ot ~ sin* a + cot* {i — i') ' 



or 



cot«a(l+tan*7)=33^^)+-^; 



whence cot* a = —-2"; 



cos*(;-iV 
and cot 7 = + cot a . cos (t - i'), 

tan a 



or tan 7 = + 






which gives 7 as required, the lower sign to be taken when 7 
is measured in the like direction to a. 

Art. 17. Prop. To investigate the law of the polarization 
of a beam of light after emergence from a plate of a refracting 
medium. 

In figure 17, let 80 OB, be the ray which has traversed the 
refracting plate, being incident at and emergent at 0\ Let 
O'h be the direction of the axis of the luminiferous molecule at 
emergence. Let OB be produced backwards to A, and let a 
sphere be drawn with radius unity and center 0', meeting the 
ray OO within the medium at eZ, then the points d, A, and J, 
being upon the surface of the sphere with radius unity and 
center 0', complete the spherical triangle Abd. We have, since 
Ob is in the luminiferous surface of the emergent ray, Ab = 90®. 
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K S is the angle which the plane of polarization of the 
emergent ray makes with the plane of incidence, we have the angle 
dAb=^dO^—S; also as in the last proposition the z JdL4 = 90® — 7. 

To find B we have 

sin Adb sin dAb cos S 

sm-4J sin db amdb' 

1 - , .8 77 cos' 7 ,,. 

-i-5^ = l + cot»(» = — r|, (1) 



••sin^dJ"*^""" ^~cos»S' 
again, cos Adb = — cot Ad . cot dbj 

or sin 7 = — cot (i — i') . cot dby (2) 

and eliminating db between (1) and (2) we have 



tan»S = 



tan* 7 

C08«(t~f ) ' 



and from the last proposition tan 7 = ± j-. — ^ , 

cos (4 "~" If ) 

^_ , tan 7 _ tan g 

cos {t-i) COS'(t-i) ' 

and the angle which the plane of polarization of the emergent 
ray makes with the plane of incidence increases as (t — i") 
increases. 

If a beam of ordinary light is incident upon a plate, the 
emergent beam is never completely polarized in one plane; but 
at high incidences, when cos*(t — f) is small, the polarization 
approximates towards being perpendicular to the plane of in- 
cidence. 

If a = 0, then 8 = 0; and if a = 90^ then 8 = 90^ also. 

Art. 18. Prop. To investigate the law of the polarization 
of a beam of light internally reflected within a refracting plate. 

Let ffB be, in figure 18, a ray reflected at 0' within the 
plate, and Ob as in the last proposition. 

A sphere being drawn with center 0' and radius unity, let it 
meet the reflected ray O'B in c, and the emergent ray produced 
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backwards in A. Complete the spherical triangle Ahc. Then if 
€ be the angle which the plane of polarization of O'B makes with 
the plane of incidence, we have the angle Acb = 90® — 6, since 
the axis of the luminiferous molecule will be 90® from the point c, 
and in the plane (7Jc, as in the other cases. 

Now the arc Ac^i+ i\ and 

sinc^ _ m^Ab ^ 
sin hAc ~ sin bcA ' 

/. -4-T=l + cofcJ = ^ (1) 

sm c6 - cos'o ^ ' 

Again, cos bcA = — cot Ac . cot cJ, 

or cotJc = ... .» ; .--(S) 

cot (t + i ) 

eliminating cJ, we have 

tan* € = tan' S . cos' {i+ 1"), 

extracting the square root and substituting the value of S, 
we have 

tan 6 = + tan S . cos (i + {) 

_ , tang cos (i + t') 
cos (t — i ) cos (» — i ) 

Art. 19. Prop. To investigate the law of the polarization 
of the emergent ray BT' of Jig. 16, which has undergone internal 
reflexion. 

Referring to the figure of the last article,tfvhere e is the angle 
made by the plane of polarization with the plane of incidence, if 
we look from B towards (7, we shall have — e for e, and apply- 
ing this value of e in place of 7 in the expression for the emer- 
gent ray RO'y fig. 17, where we found 

. 5, ^ tan7 
tanS = ± — .. ' .,. . 
cos (i — * ) 

Putting f for the angle which the plane of polarization of 
BT makes with the plane of incidence, we have 
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tane 



taiiC= + 



= + 



cos (t — O 

tana co8_(f+£) 
~ cos' (* — «") * cos (t — i') ' 



Now when {t + i') =90° for the polarizing angle of the first 
reflected ray at 0, we have tan ^=0; or the ray emergent at B 
is also polarized in the plane of incidence. 

As {i—i') becomes larger, cos (* — *") is smaller, and tan (f 

becomes larger, and when — X-. — Jr equals unity, we have 

cos [it "^ Z ) 

tan 5"= + tan a, and 5"= ± a, or the angle for the incident ray is 
also that for the emergent ray. 

Whe^ cos (t — *') is still smaller, then (f is greater than + a, 
but the quantity of light reflected internally becomes small on 
account of the large quantity reflected at the first surface. 



In the same way, by successive operations, the plane of po- 
larization of a ray emergent at either the first or second surface 
may be determined after any number of internal reflexions. 

In these investigations the change of the plane of polarization 
has only been considered. The depth within the refiracting sur- 
face at which reflexion takes place may be evidently different for 
a ray polarized in the plane of incidence to what it is for a 
ray polarized perpe^cularly to it, and hence a reflected beam 
may exhibit, as M. Jamin* has found, elliptically polarized 
light, when the surface analyzes the incident beam into two 
before reflexion, which are polarized at right angles to each 
other. 

Art. 20. Prop. To investigate the polarization of the light 
which has undergone total reflexion within a transparent medium. 

* Anrudes de Chimie et de Physique for 1860, Tome xxix. page 263. 
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When total reflexion takes place within a transparent me- 
dium we should expect the totally reflected light to consist of 
two parts, which represent the reflected and refracted rays of Arts. 
17 and 18. But the expression for the emergent ray was 

J, tan 7 

tan8 = ± .. ' ^. , 

cos(i — i) 

where 8 is the angle made by the plane of polarization of 
the emergent ray with the plane of incidence, and 7 is that 
made by the plane of polarization of the incident ray within the 
medium. 

Since the phenomena of reflexion generally are deducible 
from those for refraction by putting /*=— 1, and therefore 1'=—/, 
we have 

. ^ , tan7 
tano = ± — -^, 

which may be also easily obtained by a direct solution, drawing 
Oa the axis in the plane AOa and joining Ba in fig. 19. Now 
when the angle of incidence i' within the medium is 45®, we have 

tan 8 = 00 , 

whatever value 7 may have otherwise than zero ; or the repre- 
sentative of the refracted ray is polarized perpendicular to the 
plane of incidence. 

Again, for the portion of the totally reflected light, which is 
the representative of the internally reflected rays generally, the 
refracted ray ceasing as a separate ray, the axes of the lumi- 
niferous molecules must pass at once from being perpendicular to 
the incident ray to being perpendicular to the reflected ray ; or if 
Op in fig. 19, represents the axis of the molecule in the incident 
ray AO; Ot that in the reflected ray OB] then completing the 
spherical triangle ApB we have Ap and Bt each equal to 90", 
and Ot is in the plane BOp. 

Let the angle pBA^W — ej and angle BAp — W — ^ as 
before, we have 

sin € = - cot 2i' cot Bp^ 

cos Bp 
sm7= . -., ; 
' sm 2i' 

PH. OPT. D 
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therefore eliminating ^, we have 

cos 2i" 

sin € = — Sin7 . -77; ;r-= — . ,^.» , 

and when % = 45^ sin c = 0, and € = ; or this portion of the 
reflected light is polarized in the plane of incidence and reflexion. 

We find this latter portion of the totally reflected light to be 

retarded a space - behind the former, 

o 

It appears from this investigation that the rhombs to procure 
ieircular polarized light shoxdd have their acute angles 45®, and 
hence the results stated at page 38, Part I. 

The constitution of circularly and elliptically polarized light 
belongs to the subject of interference, and will be found discussed 
under that head. 
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CHAPTER III. 

ON THE INTENSITY OP THE LIGHT REFLECTED AT POLISHED 

SURFACES. 



The complete failure of the formula (- — - j which was found 

by Dr Young, M, Poisson, and M. Fresnel, for the intensity of the 
reflexion from a polished surface at a perpendicular incidence, 
according to the undulatory theory, was pointed out in Part I., 
page 116. An easy method by which this failure may be tested 
by a comparative photometer was also shewn. 

Art. 21. The results of experiments by photometry, made 
by the author, are given in the same chapter for the reflected 
light at the first surface of crown, plate, and flint glass, in the 
table ; these results are the ordinates of an hyperbola mPn, as in 
fig. 20. 

Let be the point where a ray of light J^O is incident on 
the reflecting surface xOx' ; Oy being at right angles to Ox, we 
have the angle of incidence i equal to SOi^, 

Take a distance OA = 100 parts, And let 100 rays be sup- 
posed incident in a beam near 0. 

Describe a circular arc ApB, aiid from p draw the line ^Pif 
perpendicular to Ox. Let P be such a point that having 
OA == r, PM=^ y, OM^ x, they are the ordinates of the hyper- 
bola whose equation is 



w = aH , 



d2 
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ON THE INTENSITY OF THE LIGHT 



then giving the constants a, hj c the values which belong to the 
particular refracting substance, we have PJf = y representing the 
rays which are reflected at the angle of incidence pOy out of 
every 100 rays incident. 

The center c of the hyperbola is a point which is easily found 
from the equation ; for we have (y ~ a) (r + 6 — a?) = c*, the equa- 
tion of the rectangular hyperbola referred to the asymptotes, and 
the asymptote OE is distant the quantity a from Ox, whilst the 
other OD is distant b beyond the parallel line to Oy through A^ 

Now OM^x is rsint, therefore 

the rays reflected of every 100 incident = a + -r j- ; — ^ . 

6 + r(l— sm*) 

By marking the observed quantities of the reflected light 
upon diagrams and searching for the nimibers which best repre- 
sented the experiments, the author concluded that the following 
were very nearly the values for the kinds of crown, plate, and 
flint glass which he used. 



Glass. 


Specific 
Gravity. 


Refractive 
Index. 


Value 1 Value 
of a. 1 of J. 


Value 
ofc«. 


Crown... 
Plate .... 
Flint ... 


2-541 
2-511 
3-225 


1-524 
1-517 
1-570 


2-70 

2-58 
2-63 


1-04 
1-13 
1-44 


76 

81 . 
100 



We obtain the number of rays reflected at the perpendicular 

incidence, by putting t = 0, to be a H r ; so that the reflexion 

at a perpendicular incidence depends upon the properties which 
determine the values of the whole of the three constants a, 
h and c. 

The number of rays reflected at the highest incidence is 
found, by putting i = 90°, to be a + ^^ , and the three constants 
are again involved in the value. 
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' This last is never equal to 100 the number supposed incident, 
as Fresnel's hypothetical formula gives it ; as will be seen ia 
the table of the values of the reflexion at different incidences 
at page 114, Part I. 

Art. 22» The physical properties on which the values of 
the constants depend are still unknown to us, and it will be ex- 
ceedingly interesting to find if the light which enters the medium 
at the highest incidence should be found for other substances to. 
be a function of the specific heat for equal bulksy as the author 
found for the above glasses, together with speculum metal and 
steel, and given at page 115, Part I. 

Art. 23. In the original papers in Brewster's Edinlmrgh 
Journal of Science the investigation of the reflective power of 
the second surfaces of the above kinds of glass are given; and 
after allowing for the quantity reflected at the first surface arid 
absorbed by the glass, it was found to be the same as at the first 
surfEice, and is therefore represented by the above formula. 

Art. 24 The reflexion of highly j^olished metals is of an 
entirely different character to that of glass ; as shewn at page 
115, Part I. The quantity reflected of every 100 rays incident 
being set off in a geometrical construction like that for glasff 
(fig. 20), they are found to be the ordinatesfor a straight line, as 
QPR^ figure 21 ; or y representing the number of rays reflected 
of 100 incident, we have the equation, 

For speculum metal highly polished so that when placed 
near the flame of a candle the surface could not be seen, the 
following were found for the values of a and 5, when 

X =5 100 sin e, • 

a = trig. tang. 355'^'12', 
h = 72-3 

For highly polished hard steel the values were found to be 
for a nearly the same as for speculum metal, but for h a value 
nearly 10 less, or J = 62*3, nearly. 
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Art. 25. It is still desirable to determine the intensity of 
the light reflected by glass when the beam of incident light is 
polarized in any given plane. The formula above given, where 
the intensity is represented by the ordinate of an hyperbola, may 
be put into a form which will most probably be found to agree 
with experiments. These experiments may be made without 
difficulty with the comparative photometer, by remembering that 
we may use an analyzer in place of a polarizer for one of the 
two reflexions which are to be compared. 

Ordinary light being considered as made up of two portions 
polarized in any two planes at right angles to each other, &t a 
perpendicular incidence and at the highest incidence they will 
be equals ; and again, when the beam is considered to consist of 
one half polarized in the plane of incidence and the other half 
polarized in the perpendicular plane, then this latter will give 
no intensity for the reflected beam when incident at the polariz- 
ing angle upon the reflecting surface. These data suffice to put 
the formula for the ordinate to the hyperbola into the following 
form for polarized light. 

The incident beam being supposed to consist o^ 100 rays 
polarized in a plane inclined at an angle to the plane of 
incidence, and i = the angle of incidence, then 

The intensity of the reflected beam 

P c'* jl+yLA. /f-^j .C082^.sin2«|-, 
^2 r"^ ^ + r(l-sini) J' 

With regard to the coefficient /a a/(^ , or -^, we must re- 
member that the constants a, J, c' are only approximately deter- 
mined from experiments. 
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CHAPTER IV- 

ON THE INTERFERENCE OP ORDINARY LIGHT. 

In the ftindamental experiment of interferences for which we 
are indebted to M. Fresnel, the light which has radiated around 
a luminous point, is made by two plane mirrors slightly inclined, 
or by a very obtuse-angled prism, to radiate as if coming from 
two points near together, and the two beams thus produced on 
meeting, being in a fit state, interfei:e, producing a series of 
bright and dark bars, as described in Part I. page 48. 

Art. 26. Prop. To find: the valve of the luminiferov^ iiv- 
terval X from the experiment of the two mirrors slightly inclined. 

Let a, i be the the points in fig. 22, from which the light 
radiates after reflexion by th^ two mirrors; it was shewn, in 
Part I. page 52, how the distance ab is determined experimen-: 
tally, and therefore may be supposed to be known. Ag^, the 
distance from a and h of any point y, where the luminiferous 
surfiuses meet and interfere, can be xneasured, and will therefore 
be known : also by means of a micrometer and eye-piece, the. 
distance from p to j, where the interference is again of the same 
character as at Pr can be measured in the field of yiew, and will 
be therefore again known. Now r being the succeeding place, 
of like int^erenjce with p, we haye pr — \ and on account 
of its smallness compared with pq we may consider the triangle 
pqr as rectilin,eal, and the angle pqr equals the angle ap6, since 
the luminiferous surfaces are at right angles to the rays re-, 
spectively ; and the triangles pqr, apb are similar ; 

ab pr 
'pa pq^ 



Digitized by LjOOQ IC 



40 ON THE INTERFERENCE 

and ^ = X = — x^. 

If we put oft = 2a, pq = w, and pa = ly 

we have X = -^ . w, 

as required. 

Reciprocally, we have when X is known, 

2a 

We see that the places of like interference occur at equal distances 
m very nearly, and the breadths of the bright and dark bars 
are proportional to X, and therefore are narrowest for violet and 
broadest for red light. The middle bright bars are in this 
manner coloured in ordinary light, red on their outer edge and 
violet on their inner edge, and the colours are symmetrical on 
each side of the line which bisects perpendicularly the distance 
ab. 

By this symmetrical arrangement of the colours we are 
enabled to judge which is the middle bar, where the rays have 
travelled over equal spaces along the bisecting line in figure 22. 
In normal circumstances when the sun is high in the heavens 
and the atmosphere without cloud or haze, this central bar is 
seen black, contrary to the iandulatory theory, with the colours 
of the bars symmetrical on each side of it. The author, to form 
a Imninous point in an unobjectionable manner, used a conveoo 
mirror of speculum metal*, so that the rays from the virtual 
image of the sun had not been in a previous state of interference 
near a caustic. 

Art. 27. Prop, l^rom t%e observed phenomena of NewtmCs 
transmitted rings, to investigate the formula for the intensity when 
beams of different brightness interfere. 

It was explained in Part I. page 73, how Newton's trans- 
mitted rings being produced by interfering beams of very dif- 

* PhU. Mag. for May, 1840, page 380. 
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ferent intensities, pointed out the conditions to which the true 
interference formula mUst be conformable. 

The ratio of the intensities of the two interfering beams 
being the same for all colours, but very unequal (as 1 to 900 
nearly), that of the compound beam was found to depend upon 
the colour, or upon X; this shews that the required formula is an 
exponential function in \ of the retardation of one of the beams 
behind the other. 

Taking the figure 68, Part I., or fig. 23, which is the same 
enlarged. Let CA' ABBS' be the thin transparent film. 8A 
a ray incident nearly perpendicularly to the film, which gives 
rise to a reflected ray AP and a refiracted ray AB. The refracted 
ray gives rise to a transmitted ray BB and a reflected ray BA'. 
The reflected ray BA' gives rise to an emergent ray A'Q and a 
reflected ray A'B, of which the chief part is emergent at B in 
BT, but another part is reflected again at B, and so onwards. 

Now the luminiferous surface of the incident light, of which 
8A is one of the rays, is perpendicular to the ray as at Jf, and 
at an after period of time gives rise to the four luminiferous 
surfaces at m, n^p^ y, which are perpendicular to their respective 
rays ; and the retardations mn and pq are the equivalents in air 
to the space AB + BA' in the film, or if /* be the refractive 
index of the film, then 

mn =^pq = fi{AB+ BA'). 

The intensities of the beams interfering after reflexions at A 
and B are not greatly different ; being about ^th of the incident 
light in glass, that at B having suffered loss from the first 
reflexion at A, from absorption within the film, and the second 
reflexion at A' only. For these reasons the interference rings 
or curves are bright and black alternately in homogeneous light, 
from the reflected light of which AP and A'Q are rays. 

In the transmitted light, of which the rays have enierged. 
at B and jB', the intensities are very different ; the first emergent 
light having its intensity but little less than that of the incident 
light, whilst the interfering light has been reflected both at B 
and -4', and its intensity is ^th of ^th of the incident light, 
with a deduction for small losses. Hence the transmitted rings 
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and curves are faint ; but seen in the different parts of the solar 
spectrum, the bright and dark rings have very different relative 
intensities, • 

From this we find that the intensity in different parts of the 
solar spectrum is an exponential function in \, of some base 
peculiar to each colour. The experiments described at page 76, 
Part I. lead us to the following forms. 

Let / be the intensity of a beam of light for which the 
luminiferous interval is X and the base L ; then 

where 1/ is a constant depending on the system oX. measures 
employed; with tiie English measores in inches it' is about 
150,000 ; or if the values of X were measured in imits of ts^oo*^ 
of an inch, then v would be unity. 

When we have two interfering beams, it is clear the bases 
must be Qompounded for a new base raiaed to the power vK for 
the peculiar colour of light, l^ow the bases compound by the 
law of the parallelogram as stated at page 74, Part I. the angle 

being in the ratio to four right angles, which - plus or minus the 

retardation, supposed less than X, is to X. 

When the retardation is greater than X the ratio is that of 

- plus or minus the excess of the retardation above an integral 
J* 

multiple of X, to X. 

Now the c<Mitiguoua angles of the parallelogram being equal to 
two right angles, or one the supplement of the other, then when 
anatropy exists we have to take the diagonal joining the other 
^gles to those in the normal case. 

If I and V were the sides of a parallelogram inclined at an 
angle 6^ L the diagonal from that angle, then 

i« = P+r+2«'cos^. 
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These being the bases of interfering beams of light, we have 
the interference intensity /thus expressed: 

/= (i)"^ = {P + r + 2?r cos ^}T. 

Let 8 be the retardation oipq in fig 23, then 



= 2ir- 



X 
2S> 



and cos 0= cos (ir ± -r— j 
— cos(2,r0; 



Now when 8 — 0, where the two surfaces of the film have no 
sensible interval, then 

and there is a dark curve, as seen in the first d)ark ring of New- 
ton's transmitted rings, around the central bright spot ; where the 
two surfaces of glass are in optical contact, and near it fona only 
one reflecting surface^ shewing a gray light,^ 

There are dark curves again when 

8=X, or 2X, ax, &c....7iX^ 

and n is any integer, since we have as before 

wi s^ ^ 3X 5X ^ 2n+l . 

When ^=2' ^^T' T' *^---— 2~ ' 
and n is any integer, we have 
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and there are a series of bright cttrves alternating with the former 
dark ones. 

Now the ratio of these intensities in the bright and dark 
curves or rings is 

intensity in a bright cnrve _ (1+ A"^, 
intensity in a dark curve "" \Z — 1/ ' 



intensity 

the t\ 
emergent light, or 



and taking the twice reflected light ^7^7. th part of the first 

900 



7;6. = »00' 



. > O AAvA. ' 



intensity in a bright ring _ 900*^^ 

intensity in a dark ring "" tva/^ _ 1 Y^ 

^ 9P()i^ 
_/ 900>-^-H Y^ 

^9ooi^-r 

In red light this ratio Was found to be about 3* 6 by experiment. 

In green light 2*4 

Between the violet and indigo 1*56 

Taking the values of vK which produce these results, we find 
them to be rather more than 3*8 for the result in red, a little less 
than 3*4 for that in green, and about 2*7 for that in the indigo- 
violet. 

These agree very closely in giving v = 150,000 for the values 
of X in Dr Young's' table, page 70, Part I. 

Art. 28. In the reflected light, one portion has been re- 
flected at the first surface and the other at the second surface of 
the film, and we have anatropy, so that the other diagonal of the 
parallelogram is to be employed in the composition of the bases 
of the interfering lights. We have now consequently the inten^ 
sity J as follows: 

Z'+Z'* + 2?ycos27r-j"^. 
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And now Z= f nearly, and if/' be the intensity of either of the 



reflected beams which equals ^th of that of the incident light 



nearly, we have, 






When 8=0, or \, 2\, &c....w\, where n is any integer, then 

/=/'.2''\ 

and the intensity is a maximum at the distance from C fig. 23, 
where the minimum intensity occurred in the transmitted light. 

When 8=Q, or -- , — , &c.... — - — X, where n is any 

integer, then 

7=0, 

and there are black curves at the distances from C where the 
bright ones occurred in the transmitted light. 

The two series of reflected and transmitted curves oh being 
superposed in M. Arago's experiment, nearly but not entirely in 
all colours, obliterate each other, and produce, as will be found 
on applying numerical calculations, a nearly uniform light. 

When we know the values of X and the correct formula for 
the intensity of interfering lights, we may easily investigate the 
phenomena of interference in any cases. 

Art. 29. In the eocperimerU of the two mirrors slightly tVi- 
clinedy to find the nature of the interference at a given point. 

Let a and h be the points from which the beams of light 
radiate after reflexion by the two mirrors, in fig. 24. 

Draw Ox the axis of a? bisecting perpendicularly the distance 
a6, and Oy the axis of y through a, 0, and ft. 
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Let oft = 2a, and taking any point P, let OM=x^ PJf =y be 
its co-ordinates which are given; also a and y are supposed 
small compared with x. 

Draw Pa and 2%, then* 

(y - aY 

and similarly Pb:=x + ^^ — - , nearly. 

Ax 

Now the retardation 

B==Pb^Pa 

1x 

2ay 1 

= ^, nearly, 

X 

and the interference at P 



= /=|p + r-2ZZ'cos27r|lV 



Since the beams are of equal intensity and ?= I', let the intensity 
of eithei' = 7'=(Z)''^ 



then /=r'|2(l-cos2^|)p 



= /'{2(l-cos2.|)}\ 

When S = 0, or \j 2\, &c. ... n\, where n is any integer, then 

7=0, 

and we have a series of black bars nearly equidistant, since 
S varies as y, nearly. 

TKTL Si ^ 3X 5X « 2n+l^ 

When S = ~, or—, Y,&c. .••— 2 — \, 

and n is any integer, then the intensity is a maximum, and 
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or there are a series of bright bars alternating with the dark 
ones. 

For intermediate values of S, we have 



vvA 



and there are intermediate intensities. 

In white light the bars are coloured, arising from their 
breadths depending on X, for each homogeneous tint ; and from 
the mixture of colours only a few bars are distinguishable. 

Art. 30. Prop. To determine the velocity with which light 
traverses a plate of glass. 

The proof given by Dr Young, that the velocity of light in 
any medium is inversely proportional to the refractive index, 
from the contraction of the radii of Newton's rings when water 
was placed between the lenses by which they were formed, is 
suflScient for a perpendicular incidence. The experiment here 
discussed, which was first tried by M. Fresnel, is nevertheless 
important from its corroborating the other method for a direct 
incidence, and it may in some future time serve to determine 
whether the same rule holds for oblique incidences. From 
the author's experiments* it appeared that light might be even- 
tually found to move slower for oblique incidences than for the 
perpendicular one. 

Let a and h (figure 25) be the luminous points of the last pro- 
position, and let a plate of glass with accurately parallel and 
plane surfaces be placed at cdgh^ perpendicular to the line AO 
which bisects perpendicularly the distance ab\ then the inter- 
ference will be seen in the light which has passed through the 
plate, nearly as if it were not there. Now if the plate be divided 
into two by a diamond cut ef we may turn one of these pieces 
into a new position fk^ and the interference which was seen 
originally at A will be found to have descended as the plate fk 
was gradually inclined to a place A\ Now the time of travers- 
ing the distances in air and glass from a and J to ^, being the 

• PhU. Mag, for 1833, Vol. ra. p. 333. 
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same, it wUl be so also in regard to traversing the distances in 
air and glass to A\ Let m and m' be the distances in air, 
S and 8' the distances in glass travelled from a and b respec- 
tively to A\ which are to be determined from the measures in 
the experiment. Let v be the velocity of light in air, u that in 
the upper piece of glass, u that in the lower. Then since the 
velocities are uniform, 

space described , , 

tmie = -^ i — r- , and we have 

velocity 

V U V u 

Now, if the velocity of light in glass is the same at all in- 
cidences, we have u = u\ and the above equation will determine u. 
At a perpendicular incidence very nearly the experiments agree 

with the other method in giving w = — , but they leave room to 

suppose that u may for high incidences be sensibly different 

from — . 

These experiments require great nicety and good instruments. 

Art. 31. Prop. To investigcUe the radii ofNewUm^s rings 
when formed between spherical surfouxs of given curvatures. 

The thin film of air being formed between spherical surfaces 
of given radii, the thickness of the film at any given point is 
easily expressed. 

Let ACB (figm*e 26) be the thin film of air between the 
spherical surfaces of the lenses which are in contact at (7, with 
the common normal 00 ff passing through and 0', the centers 
of curvatures of the surfaces. The interference is that of the 
rays arising from a ray 8A incident nearly perpendicularly, 
having the retardation mn in the reflected rays equal to pq in 
the transmitted rays, and equal to twice AB the thickness of .the 
plate of air. 

Now drawing AM^ Blf perpendicularly upon 0C0\ we 

have 

AB^ CM+ ON. 
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Let r = radius of the upper spherical surface, 
r'= lower 

and jB = MA or NB the radiuis of the interference ring round 0. 

Since CM and ON are the versed sines of the arcs OA and 
GB respectively, we have 

^^ AW i? , 

and the retardation S of the interfering rays = 2 . MN, 

or S = i?(; + ^). 

If the retardation occurred in'a 1>eam incident obliquely, we 
should have it of another form, as shewn in the next article. 

Substituting the value of S in the formula for the intensity J 
in the reflected rings, we have 

J= |?+ Z'^H- 2Zrcos27r ^ (i+^)|\ 

or, since Z = 7, if /' be the intensity of the reflected light at A, 

then /= /' r2 |l + cos Stt ^ (i + ^)11^, 

and the bright rings occur where 

where n may be any integer; and with a bright center where w=0, 
^ nKr.r 

T -f-T 

which gives the radius B of the bright ring, when n and X are 
given. In the same way the radii of the black rings are deter- 
mined from the expression 



^^p)-^-^ 



PH. OPT. 
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and 5" = ^ — ^, \ ,. . 

Giving n the series of values 1, 2, 8, &c., we have the radii 
of the bright rings proportional to the series of numbers 

1, V2, V3, &c., 
and the radii of the black rings to the series of numbers 

1, V3, V5, V7, &c., 
as found by experiment. 

Similarly in the transmitted rings with a dark center, the 
radii of the dark rings are proportional to the terms of the series 

1, V2, V3? &c., 

and the radii of the bright ones to the terms of the series 

1, V3, V5, &c. 

Art. 32. Prop. To investigate the interference phenomena 
cf thin plates when the obliquity is considerable. 

Let CA'ADBB' in figure 23 be the thin film as before, and 
let the letters refer to points analogous to those in tiie previous 
propositions, and draw Bb the perpendicular thickness t of the 
film at -B. 

Let Am be the distance in air of a luminiferous surface fi-om 
Af when the one from the reflexion at B arrives at A'; then i 
being the angle of incidence, i' that of refraction, we have 

Am = fi{AB + BA') 

= 2fjU sec /', 

since the surfaces may be considered parallel for the small space 
AA\ 

And An = A A' sin i = 2t tan t ' . sin t ; 

.'. the retardation S = Am — An 

= 2« (/Asect' — tant'.sin/) 
a-sin'A 



'^\ cos« / 
= 2tficoai\ 
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This is the formula for the retardation in the colours seen 
obliquely on the soap bubble and other thin transparent films» 
It becomes 

S = 2^ cos t 

for the Idiin plate of air between surfaces of glass or other trans- 
parent bodies, since for air fi^U And i is put for the angle 
between the ray and the normal to the surfaces. The thickness 
and the forms of the outer surfaces of the lens or prism do not 
aflfect the interference due to the thin plate of air, on account of 
the relation between the velocity in the medium and the re- 
fractive index. 

Art. 33. Prop. To investigate the measures of NewtorCs 
rings seen at considerable obliquities. 

In Art. 31 the perpendicular thickness t of the plate of air 
between the lenses near the point of contact C is MN in fig. 26, 
and therefore 

8 = i?(i + 4)cost. 

Now when S is constant for any given ring, we have 

. ^ rr'. 8 sec t 

r -t r 
and R varies as V(sec t). 

Newton found the experimental result not quite the same as 
this, and he has given the rule accordingly*; but it has been 
usual to consider the reflected rings as commencing with a black 
central spot, and the reaction of tibe two reflective surfaces upon 
each other near the point of contact may produce the difiierence 
observed. In the theory again the surfaces of the lenses are 
considered the reflecting surfaces, which may not be quite ac- 
curate, as the reflective power of a surface depends evidently 
upon other properties than the simple extentf of the dense par- 
ticles of bodies. 

* Optichs, 3rd ed. p. 180 ; Herschers Treatise on IdgM, Art. 639. 

t See Beport of t?ie first Meeting of the British Association at York, in 1831, p, 74. 

E 2 
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On Diffraction. 

Since it can be easily demonstrated hj experiment, as de- 
scribed at page 56, Part I., that a considerable and visible quan- 
tity of light is reflected from the sharpest edge to which any 
substance can be brought, and is also inflected into the shadow, 
we have sufficient and evident reasons for the interference of 
light which is produced by diffiraction. 

Art. 34. Prop. To investigate the interference near the 
geometrical shadow of a body placed in the light which radiates 
from a Iwmiwyas point. 

Let be the luminous point, A the edge of an opaque body, 
CFB a screen, or the field of view of an eye-lens with which the 
diffi*action fringes are seen. 

Let the straight line OA meet the screen perpendicularly 
at J5, then B is the boundary of the geometric shadow of the 
body. The light inflected into the shadow will gradually shade 
away to darkness, but that reflected from the edge A meeting 
the direct light from will interfere with it. 

Let P be any point on the screen, and PB^x^ which is 
small in the experiments, compared with OA and AB., 

Let OA = a, AB = J, and S the retardation of the ray which 
has been reflected at -4 in APy behind the direct ray OP. 

Then Z^{OA-¥AP)'-OP 

= « + i+|-(a + J)-.J7(^, nearly. 



2 \h a + bj 
_j^ a 
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The Intensity /at the point P is given by the formula 



/=^Zt+Z'««2K'cos27r|V. 



Now the light reflected at A being small for a sharp edge, 
compared with the direct light, therefore the difference of the 
maxima and minima given by the formula will never be large, 
and the bais seen parallel to the edge of the body are faint. 

The minima occur when S = 0, or X, 2X, &c. ^. n\ and n is 
any integer. Or at J5 and at a succession of points where 

a? a 



2'J(a + ft)' 
or where x-- /[^Jt!±la±M 

and giving n the successive values 1, 2, 3, ^c, the distances of 
the dark bars from B are proportional to the series 

1, tj2y V3, &c., 

and the bars are closer as they are farther from B, as is easily 
seen in the experiment. 

The maxima of brightness occur when 

^ X 3X 5X « 2w + l^ 

2* ^^ T' "J » ^^* — "2^" ' 

n J. 2n + l^a? 

and from — - — X = — 



2"J(a + J)' 

giving n the series of values 0, 1, 2, &c., we have the series of 
bright bars in distance from B following the series 

1, V3, V5, &c. 

We see that these bars follow the analogy of Newton's trans- 
mitted rings^ counted from a black c^ter. 

The distance x of any bar depending on VX, the bars are 
narrower in violet and broader in red light, and hence they are 
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strongly colouied, and only a few are visible in white light. 
The distance a? of a given bar depends also on the values of 
a and h. 

Art. 35. Prop. To investigate the interf ere/me mthin the 
geometrical shadow of a narrow lody placed in the light radiating 
from a Ivminoua point. 

Let be the luminous point, AB the narrow body whose 
breadth is 2a. Draw the straight line OcG bisecting AB per- 
pendicularly. * Let PG perpendicular to Oc (7 be the screen on 
which the interference is to be examined, and Cfe = 5, PG = x. 
Now outside the geometric shadow determined by drawing Knes 
from past A and 5, the interference is the same as that for a 
single edge investigated in the last article ; therefore let P lie 
between these lines, as in figure 28, and the interference th^i 
arises from the light inflected at A and B into the shadow. 

The retardation 8 of the ray PB behind PA is 
Z^PB-PA 

, . (a + a;)* ^ (a — xf , 

_2ax 

Let / be the intensity of the light at P, then since we have 
anatropy *, and Z = Z' for the equal bases of the inflected lights 
nearly, 






ax\U 



l+cos47rT^,| 

The intensity is never very great from the small value of I 
for the inflected light. The maxima of brightness occur when 

S = 0, or ± X, ± 2X, &c.... ± »\, 

• See Part I. p. 67. 
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wbere n is any integer; or there is a central bri^t bar, and a 
series of other bright bars on each side of it, for which 

. bnX 

and giving n the series of values 1, 2, 3, 4&c., we Bee that the 
bars are at equal distances, unlike those outside the geometric 
Bhadow. 

When S has the values ±-, ±ir, +-5-j&^'—± — 5 — ^» 
then the intensity is zero, or 

J=o, 

and a series of black bars alternate with the bright ones. 

The central bar, where 8=0, being a bright bar, whatever be 
the value of \, is white ; but the ones on each side of it in ordi- 
nary light are coloured violet on their inner edges and red on their 
outer edges, since the places of their maxima depend upon X. 

Cob. If the small body, instead of being a narrow parallelo- 
gram, is a small circular disc, the same investigation shews that 
there is a central bright spot with black and bright rings within 
the shadow, around it. ^ 

Art. 36. Prop. To shew that the bars of the last propch 
situm at different distanfies from the narrow body follow the course 
of hyperbolic arcs. 

This solution applies to other cases where light from two 
luminous points interferes, as for instance the light reflected by 
two mirrors slightly inclined. The point P being anywhere 
within the geometric shadow, let e be the origin of co-ordinates, 
and Cc = tff PC^x the co-ordinates of P. Now S being con- 
stant for a given bar, putting y for J the expressions of the last 
article become 

or S + V{y'+(a-a^)"l = V{y + («+«^)^ 
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from which we find 

^(^-.)-^-(^-f).o, 

which is the equation of an hyperbola* 

Art. 37. Prop. When light from a very distant luminoiLs 
point passes through an aperture in a thin opaque plate, which %8 
a very narrow parallelogramj to find the phenomena at any point 
upon the screen. 

Let BG be the perpendicular section, in fig. 29, of the very 
narrow parallelogram which is an aperture in an opaque plate^ 
8A^ 8By SG parallel rays of the pencil, of which SB and 80 
are diffiracted at the edges of the parallelogram. 

Let 8 AD be any line perpendicular to the plate and screen 

Now P being a point where rays from B and G interfere, let 
AB^x, AG=^x\ andPi>=y; let also -42> = a, which is large 
compared with x and y. 

To find the retardation S = BP— GP^ we have 
and £P- CP"= (5P- GP) {BP+ GP) 

:=^S{BP+GP) 

= 2y(aj'-a?) +«?'-«'* 

= 2 iy — x) («' — or), nearly. 

When {x' — a?) is small, say -^r-zr th of an inch or smaller, and 
X very small compared with y, we have 

^''BP+GP 
— O — Z— Z ^ nearly, 
for a first approximation. 
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Applying this value of S in the formula for the intensity /, 
we have 

/= |Z«+Z'« + 2K'co8 27r2?^^^p, 

which depends upon the breadth {x* —a?) of the aperture, but not 
on the value of x supposed small compared with y, so that 
there maybe a great number of such apertures, narrow and close 
together, which will satisfy the conditions, and the effect at P is 
the superposition of like results, and in the maxima produces con- 
siderable brilliancy. The minima will be nearly black, whilst I 
and V are nearly equal. 

The maxima occur when 

V (x •— a?) A 

^-^ i- = 0, or \, 2X, 3X,&c....nX; 

and n any integer or a maximiun occurring at D when y = 0, we 
have a succession of maxima at the equal distances, of which the 
first is 

a\ 

or using the angular measure with center A^ 

y _ ^ 



a X —x 

this formula explains the origin of Fraunhofer's experimental 
laws* as follows, the experiment being made with a telescope, 
as explained in Art. 42. 

" 1. The angles of deviation of the diffracted raysy forming 
similar points of the systems of fringes prodticed by different 
apertures f are inversely as the breadths of the apertures. 

" 2. That the distances of similar rays {the extreme red, for 
instance,) from the middle in the several spectra, constituting the 
successive fringes, form in each case an arithmetical progression 
whose difference is equal to its first term. 

* Denkschnflen der Ahademie zu MUnchen filr das Jahr 1021, and Herschers 
Treatise on Light, Art 741. 
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** 3. That calling 7 the breadth of the aperture, in fractions of 
a Paris inch, the angular distances i', i", i'", &c., in parts of a 
circular arc to radius unity, of the extreme red rays in each 
fringe from tiie middle line, are respectively represented by 

i'=:^, r^ — , L"^^—, &c., where i = 0-0000211, and a 

y *y ry 

similar law holds for all the other coloured rays, different values 
being assigned to i for each." 

It is clear that Fraunhofer's laws are only approximative, 
which was shewn also by his finding the colours mixed. 

Art. 38. Prop. When light from a luminous point passes 
through an aperture in a Mn opaque plate, which is a long pairal" 
lelogram and not very smalls to find the illumination on a screen at 
a given point. 

Let be the luminous point in fig. 30, AB the section of 
the aperture perpendicular to the longer sides of the parallelo- 
gram. Draw 0AM, OBN, then between if and jRT the direct 
light falls upon the screen, and there is interference between it 
and the light reflected at the edges A and -B; but outside M 
and JVthe rays reflected from one edge interfere with those in- 
flected from llie other. 

The luminiferous surface at the screen will have the form 
kmOnl*^ and between M and N we shall have the two re- 
flected rays intCTfering with the direct rays and with each other 'y 
this involves more complicated rules for the interference than we 
have considered, especially as the law of the relative intensities of 
the reflected lights is unknown. 

Draw OcG bisecting the distance AB in 0, and meeting the 
screen perpendicularly at C. Take P any point where the inter- 
ference takes place. Let I be the base of the direct light at P, F 
and r those of the lights reflected at A and B respectively. 
Then if i is the base at P from compounding t, I', and the 
angle between them, we have 

Z«=P + r + 2Zycos5. 

• Part I. p. 64. 
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To compound L with V we require the angle between T and 
L. Now taking ^ the angle between L and ly fig. 74, Part I./ 
we shall have 

r 

sin ^ s= y sin ^, 

which is small when V is small compared with ?, and we may 
approximately take the angle ff between L and l'\ as between 
I and Z", whilst I is large between Jf and N; but outside if and 
Nf Z= 0, and the angle ff is that between I' and ?'• 

Then if i' is the base compounded from L and Z", or Z, l\ 
mi r, we have 

= Z* + Z'^ + r + 2K'cos5 

+ 2V(?+7' + 2Zrcosl?).rcos^ (1), 

and neglecting l' imder the sign of the square root, as small com- 
pared with Z, we have approximately 

i'«=:Z«+r«+?'«+2Z(rcos5+rcos^ (2), 

and jJie intensity at P is 

also = ^ + -T-— , ^ = TT + "Y" • 

Between M and JV, 8 and S' have the values determined as 
in Art. 34. For points beyond M and N^ neglecting I in the 
value of L\ we have 

i'«= P+ Z"* + 2Z'r cos ff (3), 

and /=(i')^ 
where ff must be determined as in Art. 37. 

The results will be as follows : along the middle line c G there 
will be interference of the character such as would arise from 
a single edge, but brighter in the maxima and darker in the 
minima, as shewn by taking P = l" and 0^ff in (2). 
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On each side of C as d and T diminish, ff and V increase, 
and the efiect is modified from that of a single edge, depending 
on the distance of the screen from AB and the position of P 
between Jf and N. When the screen is near AB and Pnear M 
or N^ the effect becomes that of a single edge again. 

When P is outside M or N^ putting Z = in (1), we have 
as in (3), 

i'«=r+r+2n"cos^, 

the result of Art. 37, and the results are the same. 

We see from this discussion how the asymptotes of the 
hyperbolas in fig. 56, Part L, are the boundaries of the geome- 
tric shadows of the edges of the angular aperture and the line 
perpendicular to one bisecting the angle between them, through 
the point of meeting. 

. The hyperbolic form of the fringes outside the points M and 
N \a easily deduced from the approximate results of Art. 37, 
since we have 

y {x' — a?) = an\ 

and the breadth a?' — a? of the angular aperture and its shadow is 
proportional to the distance from the angle; let this distance 
equals, ^ : 

then y . « = constant for a given fringe, 

and this is the equation of an hyperbola referred to the 
asymptotes as axes of co*ordinates. 

Art. 39. Prop. When light from a lumtnotia point passes 
through a small circular hole^ to find the result on a screen. 

Using the last figure, let the line 00 pass through the center 
of the aperture ; the interference at the center will be variable 
as in thelast proposition, and we have a central spot as described 
at page 59, Part I. Near the central spot the interference is 
determined as in the last article, and we have a series of varying 
rings aroimd it. 

Art. 40. When light from a very distant luminous point 
passes through a grating consisting of a number of very narrow 
equal parallelograms, set parallel to each other at equal distances^ to 
find the interference phenomena. 
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Let AhcBG be the section of the grating, on which a pencil 
of parallel rays falls directly, as in figure 31. 

Let PD be the screen parallel to the grating. We shall have 
the interference as discussed in Article 37 from the opposite 
edges of the parallelogram as (7, J5, and c, J, &c. ; and Framihofer 
calls the maxima or bright bars spectra of the first class. 

We shall have also interference of the light inflected or re- 
flected from the like edges of the parallelograms as &, -B, and c, (7, 
giving spectra of the second class; and the distance BC^x'—x of 
Article 37 must be replaced by bB or c(7, or the breadth of the 
parallelogram plus the breadth of the separation ; 

let hB^cG=x"'-x; 
we hav^ as in Art. 37, if AD = a, PD = distance of the first 
maximum =y, then 

y^ >> 
a aj" — a? ' 

which, from the larger denominator, is smaller than the former ; 
or the spectra of the second class are closer together than those of 
the first class. 

By the interference of the light rejected at an edge b with 
that inflected from another as (7, spectra of the third class would 
arise closer together still, as observed by Fraimhofer. 

We should expect the way in which the grating was formed 
to influence the brilliancy which any class would have with a 
very great number of apertures. A grating formed with wires 
of j§o th of an inch in diameter, arranged at double that distance 
from each other, would fttmish a reflected light stronger than 
the inflected light. The reverse would arise if a like grating 
were formed with gold-leaf upon glass. 

Fraunhofer, with his fine gratings produced by lines drawn 
upon glass with a diamond up to the number 8200 in an inch, 
found the spectra of the second class to become so pure that the 
fixed lines of the solar spectrum were well seen in them. 
A pure difiraction spectrum thus formed, is called the normal 
spectrum, to distinguish it from those produced with prisms, 
which depend upon the substance of which the prism is made, 
whilst the difiraction spectrum depends on the values of X only*. 
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The manner in vrjtiich. the spectra of the second class become so 
pure as to shew the fixed lines, is still a subject well worthy 
examination. It probably arises from the like reflexions of the 
interfering rays. 

Art. 41. Prop. The light from a luminous point, which is 
not 80 distant that the rays can he considered parallel, passes 
through a narrow paralldogram in a thin plate; to determine the 
eaypression for the interference at a given point. 

Let be the luminous point, BG the section of the aperture 
in figure 32, Pany point on the screen PD. Let OAD be per- 
pendicular to the plate and the screen ; and 

OA^h, AD^a, AB^x, AG^x, PD^y. 

Then the retardation S of the ray 05P behind OGP is 
(05+ PP)- (0(7+ OP), 
or following the method of Article 37, we have 



S = (a;'-^)g-|), nearly, 



and S is not now independent of a?, which must be remembered 
in making experiments. 



Diffraction with a. Telescope. 

Art. 42. It has been shewn that the diffiracted portion of 
a luminiferous surface radiating around a luminous origin O, 
figure 33, would after passing a straight opaque edge of a plate 
-4, have its section perpendicular to the edge of the form pBP. 
In the section parallel to the edge A its form would be un- 
changed. 

If now a telescope be directed towards 0, of which C is the 
object-glass in figure 34, and e the eye-glass, adjusted to view 
distinctly the image of the luminous point 0, as at j, the common 
focus of the lenses G and e ; then the rays which pass through 
the object-glass at a distance from the edge A, when placed be- 
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fore the object-glass and partly covering it, will be brought to a 
focus at j^ as a bright point; but the rays which have been 
difiracted at the edge A will not be brought to a focus at y, as a 
lens does not affect the divergence of a pencil diverging from a 
point at the lens. This is seen from the discussion of the formula 

of geometrical optics* - = -^ — , where /is the focal length of 

a lens, u and v are the distances of the conjugate foci from it; 
now when w = 0, we must have v = also; so that the rays 
diverging from the point -4, figure 34, supposed at the lens, will 
after emergence from it diverge from A still. 

In this way the diffiracted light is acted upon parallel to the 
edge, like the rays forming the image q ; but perpendicular to the 
edge its radiation from the edge is unaffected, and hence it is 
collected into a line aqb passing through the image at right 
angles to the edge A. 

Art. 43. K an aperture in an opaque plate, which is 
hounded hy straight lines, be placed before the object-glass, the 
bright image of at ; has a ray like ah through it, for each side 
i!jf the polygon, which is the aperture. 

When a triangular aperture, which is small in proportion to. 
the focal length of the object-glass, is placed before it, we have 
the six-rayed star of figure 61, Part I. ; and the light in the 
rays interfering, we see the rays cut off from the center. 

When a long and narrow aperture which is a parallelogram, 
in an opaque plate, is placed before the object-glass, the bright 
rays as ab, fig. 34, from the two sides coincide in position and 
direction, but their light interferes, giving a set of short lines 
with dark interruptions between them, to make up the longer 
lines of rays. 

When the aperture is a small square, we have a rectangular 
cross through the bright star-like center, which is broken up into 
portions shewing bright and dark spaces by interference, and 
Ihe light passi]Qg near the angles modifies the phenomena also. 

• Potter's Optics, Part I. p. 80. 
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When the telescope in these experiments is out of focus, 
there is a more complicated interference, as described in Part I. 
page 63. 

Art. 44. When the object-glass of a telescope is covered 
except a small circular aperture, the image of a liuninous point 
is surrounded by coloured rings which become broader as the 
diameter of the aperture is smaller in proportion to the focal 
length. It is immaterial on what part of the object-glass the 
aperture is left; so that if we have several equal circular 
apertures, they give . only one image and set of rings, but of 
brighter light than if there were only one such aperture. The 
cause of the appearances is easily seen by combining the effect 
of the object-glass with the diffi-action arising from the edges of 
the aperture, as discussed in Art. 39 ; the object-glass refracting 
the rays which pass through the central part of each aperture in 
the regular manner, as if there were no difiraction, and the inter- 
ference taking place symmetrically around these lines. 

The spurious discs of the fixed stars shewn by telescopes 
are the diffraction central spots arising from the edges of the 
object-glasses covering the true image of the star. The discs 
and the rings seen around them increase in size as the aperture 
of the object-glass is diminished. 



On the Interference of lAght near a Caibstic. 

When Huygens had discussed the forms of the luminiferous 
surfaces in calcareous spar, he traced also the forms which the 
luminiferous surfaces would assume after reflexion and refraction 
at spherical surfaces; but the discovery of interference as an 
essential property of light was reserved for Hooke ^nd Young ; 
and the discovery of the interference near a caustic after reflexion 
or refraction fell to the author's good fortime. This case of 
interferences has proved an important experiment from its fur- 
nishing a decisive test of the truth of theories of light,, the 
experiment shewing results at variance with the ftmdamental 
principle of the undulatory theory. 
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Art. 45. To find geometrically thef<yrm of the lumtmferoiis 
surfizce after a diverging pencil has been reflected hy a concave 
spherical mirror. 

Let Q be the luminous point, BAB the spherical mirror 
whose center is 0, and q the focus conjugate to Q in fig. 35. 

Let aqa' be the caustic curve, then when the central part of 
the luminiferous surface arrives at m after reflexion, that surface 
will consist of portions ha, ama\ and aV in the figure having an 
edge of regression at the caustic surface, or in the section of the 
figure, cusps at a and a upon the caustic. The branches oi, ama\ 
and db' are involutes of the caustic, and orthogonal trajectories 
of the system of rays. As the luminiferous surfaces are perpendi- 
cular at each point to the rays radiating from Q as indicated by 
the circular arcs drawn with center Q (fig. 35), so also after re- 
flexion they are perpendicular to the reflected rays. 

The forms of the surfaces after reflexion are easily drawn 
geometrically as follows. Let MM' be a circular arc represent- 
ing the luminiferous surface at a given instant, with center Q, if 
the mirror had not been interposed. Taking successive points 
in the mirror AB, draw circles touching the arc MM\ then 
their ultimate intersections in the reflected light give the 
orthogonal trajectory bama'b\ which is the luminiferous surface 
required; the distance of Q to the mirror plus that to the 
trajectory being constant and equal to QM as required. The 
luminiferous surface is thus an involute of the caustic, as 
described at page 79, Part I., in any of its successive positions, 
having cusps at the caustic as when the central part has arrived 
at n, until it has passed the geometrical focus j, when it becomes 
a curve of continued curvature. 

Art. 46. Prop. To investigate the equations f<yr finding the 
form of the luminijkrous surface^ after reflexion at a concave 
spherical mirror. 

Let Q be the luminous origin (fig. 36), Lp' the place where 
the luminiferous surface would have arrived if the mirror BAB 
had not been interposed ; pama'b the luminiferous surface after 
reflexion. Let the center of curvature of the mirror be 

PH. OPT. F 
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the origin, and Ox, Oy the axes of co-ordinates. Let P be any 
point in the mirror, and OM^x\ PM^y\ its co-ordinates ; let 
the radius OA = a, and QO = b. 

With center P describe a circle, as in figure 36, touching the 
circular arc Lp' in p'y and let a?, y be the co-ordinates of any 
point in it. Let QL = Qjp' =■ r. Then 

x-' + 7,'' = a* (1), 

Pp- =Qp--QP=r- ^{{x' + by + y% 
and the equation of the circle drawn with center P is 

Now when x and y are the co-ordinates of jp and p', the 

points of intersection of two consecutive circles, we have x and 

y' varying from the point P to the neighbouring point, whilst 

X and y remain constant ; therefore difierentiating in respect of 

dy' x' 

x' and y, we find, after substituting for -^ its value ? , ad 

ux y 

follows : 

y {x + h)- x'y] s/[{x' + i)' + y'} = rh,' (3) ; 

and by eliminating x and y* from the equations (1), (2), (3), we 
should have the equation required; which belonging to both 
the enveloping surfaces which are the loci of p and^' will con- 
sist of two factors which are their equations. Now the equation 
of Lp is 

therefore dividing the above-named equation by this, we should 
have the quotient the equation of the involute of the caustic 
pama'h as required. 

Cor. To find the involute of the caustic after refraction af 
a spherical surface, we have to replace the equation (2) by the 
following, as seen by figure 37 : 

(x'-a:)«+(y-yr = :^ 

\r-^[{(c'-hy^y-\y 
and x'* + y''^.a*. 
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The remainder of the solution is similar to that for the re- 
flexion at a spherical surface. 

Art. 47. Prop. To Jlnd the phenomena of the interference 
near a caustic formed in the light reflected hy a spherical mii^or. 

In investigating the interference near a caustic we may sup- 
pose it to coincide with its circle of curvature, for the space 
under consideration ; and the two branches of the section of the 
luminiferous surface will thus, near the cusp, be represented by 
two arcs of the involutes of a circle. 

Let figure 38 represent this circle of curvature of the caustic 
with center ; let a be the cusp formed by the two arcs of in- 
volutes op, aj. Let r be the radius of the circle, draw the 
tangents PpTat P,'and QqTsLt Q, meeting the radius through a 
produced at T, and let a = z POa ; then the distance 

ij) = arc Pa = r . a, 

and Pjr= tangent of the arc Pa^r. tan a ; 

.•. pTt^r (tana — a) 

/a' 2of o \ 

a' 
Also or=r (sec a — 1) «r:r-^ nearly; 

1.2 



•• « VC-^' 



rOi 
and pT^— nearly, 



: {aT)K 



Now 2.^ris probably the correct experimental retardation 
S of the two interfering branches necur the cusp, which therefore 
varies nearly as the distance from it raised to the power f . 
^bere is however room for consideration and experimental:: 

p 2 
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examination whether this yalue should not be resolyed into the 
direction of the tangent at a to which the interfering rays are 
equally inclined, if the actoal retardation were calculated firom 
pT=iT (tan a — a), or the retardation should equal 

2pT. cos a = 2r (sin a — a cos a), 

when the distance from a was not very small. 

In the interference formula 



J=(p+P-2a'cos27r|y, 



we hare Z=r, since the intensity is the same in the two 
branches, and 

J=r^|2(l-cos27r|)p. 

Then J= when 8 = 0, or when 8 = X, or 2X, 3X, &c. ••• nX, 
where n is any integer. 

Agam /= (2Z)'\ 

, ^ X 3X 5X ^ 2n + l^ 

when 8 = -, or —, —, &c....—^\; 

also intermediate values of 8 give intermediate intensities. 

There are consequently a series of maxima, alternating with 
darkness, and between them intermediate brightness ; and com- 
mencing with darkness at the caustic^ where 8 = 0. 

In the experiment with the luminous point formed by the 
sun shining upon a minute globule of mercury, which is placed 
in the nearer focus of a spherical mirror of large proportional 
aperture, the interference is seen in brilliant and black rings, 
the outer bright one shading from the maximum brightness to 
darkness at the caustic ; and the inner ones becoming closer and 
narrower from the law of the retardation as they are frurther from 
the caustic. 

Ck)R. Similar results occur near the caustic formed by re-> 
fraction ; these are not unfrequendy met with accidentally, and 
they can be distinguished from the diffiraction bars and curves 
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by the dark spaces being absolutely black, whilst the bright 
spaces are very bright. 

The Rainbow. 

The phenomena of the rainbow are not accurately discussed 
otherwise than as interference near a caustic. The caustic is 
formed by light which has been refracted at incidence and 
emergence from a drop of water, and has been reflected one or 
more times within the drop, and it has two branches which have 
a common asymptote. 

Art. 48. Prop. To find the asymptote of the causttc when 
a pencil of parallel rays is incident upon ajrefracting sphere^ and 
the emergent rays have been reflected a given number of times 
vnthin it. 

Let be the center of the refracting sphere ; 8 A a ray in- 
cident at -4, reflected within the sphere at jB, (7, &c., and emer- 
gent at D. Let i be the angle of incidence which equals the 
angle of emergence, i' the angle of refraction at A which is also 
the angle of incidence and reflexion at 5, (7, &c. since the 
laiangles AOB^ BOG, &c. are isosceles. 

Now the deviation at A and D is (i — t"), and at JB, (7, &c. 
is 180® — 2t'. Therefore if the emergent ray DR has been n 
times reflected within the sphere, its deviation D after emer- 
gence is 

i> = 2 (i-i")+n (180^-20 

= 2{i + n.90'-(n + l).t'}; 
we have the relation of i and i' in the equations 
sint = /L&sin«'; 
d% cos i 



.•" 



a% fi cos % 

and when the deviation is a minimum in respect of the varying 
value of 1, we have 

dD ^ 
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= 


1 


-(« 


+1) 


di' 


= 


] 


-(« 


+1) 


cost 

/[*COSt" 



or. 



.-. AA* (1 - sin' t") :=fi*~- sin' i 

= (n + l)'(l-sin»t); 

•• «^^*- (7i+ir-i • 

Haying calculated the value of i from this expression, and then 
that of i' from sin t = fi sin i ', by substituting in the expression 
for D we have its i^inimum value. This value of D at the 
minimum, was formerly supposed to give the actual place of the 
rainbow, the ray 8A being parallel to the direction of the shadow 
of the observer's head, and the ray I>B entering the eye with 
the minimum deviation. 

The argument for the visibility of the iris in this place was 
that at the minimum deviation the emergent rays were parallel 
to each other, and therefore gave a much brighter light than 
where they are dispersed at considerable inclinations. The ex- 
istence of supernumerary rainbows seen often near the summit 
of the primary bow, were shewn by Dr Young to require inter- 
ference for their explanation ; and the author found the whole 
phenomena to belong to the interference near a caustic. 

Eeferring to figure 79, Part L, let SEs be the direction of 
the shadow of the eye of the observer; r, v rain-drops from 
which the emergent rays enter the eye at the minimum deviation 
after one internal reflexion ; r, v drops from which they enter 
the eye at the minimum deviation after two internal reflexions. 
Then the radius of the primary rainbow was considered to be 
180° — the minimum value of Z> after one reflexion ; and that of 
the secondary rainbow was 180° — the minimum value of Z> after 
two internal reflexions. 

The values of i and D depending on /a, are different for the 
different colours of the spectrum, and hence the brilliant sepa- 
ration of the colours. 



Digitized by LjOOQ IC 



OF ORDINARY LIGHT. 71 

The values of the deviations and the positions of the primary 

and secondary bows are discussed at page 83, Part I., and the 

directions of the asymptotes of the caustics for the first to the 

3 
tenth iris in glass for /Lt = - , are given at page 87. 

Art. 49. Prop. To trace the caustic after emergence when 
an incident pencil of parallel rays has been reflected a given 
n number of times within a refracting sphere or cylinder. 

Let be the center of the circle in figure 40, which is the 
section of the sphere or cylinder, and SA the ray which falls 
perpendicularly upon the surface at A ; and produce SA through 
to r, the point of intersection with an emergent ray JSP, or 
that ray produced. 

Let r = OA or OB be the radius of the circle, and p = OP 
the distance of any point P in the emergent ray from 0. 

Then since the angle of emergence from a sphere equals the 
angle of incidence upon it, we have zOIiT=i; let i' be the 
corresponding angle of refraction, and ^ TOP== 0^ We have 
JL OTP= 180® — Z>, the supplement of the deviation. 

Then, as in the last proposition, we have 

sin ji' = /Lt sin i\ 

, di cosi 

and "TT =5= 7j . 

di /A cos i 

Also, firom the figure, 

OP ^ OR 
sin i sin OPR ' 

sint 
or p = r. 



ain {POA^OTP) 
'^'sin(2>-^)-- •• ' ^^^' 
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Now when P Is the intersection of two consecutive rays or 
a point in the caustic, we have p and constants whilst i and 
D vary ; therefore differentiating (1) with these conditions, we 
have 

= sin (i> — ^ cost — sin i cos (i> — ^)--Tr, 

or tan(i>-^=tani.^ (2). 

Substituting the value of sin (D — 0) from this in the value of />, 
we have 



r .sini 



■V^'----@] 



p= , . di) ' 

tane.-yr 
at 

and from the first equations we have 

dD ^ L / . -X cosi 1 

-jr = 2 J 1 - (n + 1) 7i\ . 

dt I ^ ^ fjb coat ) 

Substituting this value and reducing, we have 

/r It* cos'* t. cos' t' , • a •! /n\ 

p-rA/\—( — ^—^7 — 7 — rT\ ^ + 8m'i (3); 

V U{m cost - (n + 1) cost}" J ^^' 

putting the values of -D and --p- in (2), we have 

tan{n7r+2t-2.(n+l).t'-^} = 2tantjl-(w + l).-^^l (4) ; 

and if t and t ' were eliminated between the last two equations, 
and sin t = /a sin t", we should have for (3) the relation between 
p and required. Knowing the asymptote we easily however 
trace the form of the caiistic from the equations (3) and (4). 

Let t = and therefore t" = 0, then = nir, and 

where the ray SAT is a tangent to the caustic and which gives 
the commencing point of it. 

Let t = 90^ then /o = r, and the caustic finally touches the 
circle whatever value /i may have. 



Digitized by LjOOQ IC 



OF ORDINARY LIGHT. 73 

To apply these results to the case of the primary rainbow, 

4 

we have for orange-light /* = « , and n = 1 ; therefore when 

o 

• Let SBCDl be the course of the ray which has the minimum 
deviation In figure 41, or let TctDl be the asymptote of the two 
branches am and hn of the caustic. Then the rays produced 
backwards which are incident between A and B are tangents 
to the branch am, and those which are incident beyond B from 
A are tangents to the branch hn. The lumlniferous surface in 
one of Its positions, as ege\ has the part from e to the asymptote 
the involute of the branch aw, and the remainder from the 
asymptote to the cusp g is the involute of the part of hn which 
is beyond g from J, whilst ge is the involute of the part hg. 

The retardation S between the two sheets of the lumlniferous 
surface at any point depends upon the distance of that point 
from the asymptote and on the diameter of the rain-drop ; and 
it may be calculated by tracing the paths of the two rays through 
the drop. This method, employed by Dr Young, enabled him 
to calculate that the second maximum intensity of the red would 
fall at the place of the first maximum of the violet, distant 2® 
from the first maximum of the red, if the rain-drop were j% inch 
in diameter. The author by assuming that the branches eg 
and eg might be taken as the circles of curvature of those 
branches and to meet at g, obtained a similar result. This 
assumption shewed that the second maximum of the red would 
fall 1*^ 46' from the first If the rain-drop were ^ inch in diameter. 
These computations were both made on the supposition that 
there was brightness at the caustic where the rays have passed 
over equal spaces and S = ; so that it Is a desideratum in phy- 
sical science that these subjects should receive a careful mathe- 
matical re-examination, since it is now certain that there is 
darkness at the caustic. 
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CHAPTER V. 

ON THE INTERFERENCE OF POLARIZED LIGHT. 

When we speak of the properties of ordinary light as dis- 
tinguished from those of polarized light, we only mean that the 
peculiar properties of polarized light do not come under consider- 
ation, because ordinary light may be considered as composed of 
light polarized in different planes. The properties of polarized 
light are effective to their full extent in this mixture nererthe- 
less, and interference takes place, although it may not be evident 
from the light being polarized in different planes, or from the 
retardation of one beam behind another being so great that we 
may not be able to discern the particulars on account of their 
exceeding minuteness ; and in both cases we may in this manner 
only perceive the aggregate effect. It is certain that all the 
phenomena of concurring beams are subject to the laws of inter- 
ference, regular or irregular. 

The phenomena of Newton's transmitted rings gave the inter- 
ference formula 

J=(P + Z'» + 2?rcos^)^; 
and if L be the base of the interfering light so that 

then L is represented by the diagonal of a parallelogram of 
which the sides represent I and V ; and the angle is expressed 
in terms of \ the interval, and S the retardation, as follows : 



e 



"('*!). 
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and COS ^ = — cos (2 tt - J , 

so that J= ^? + r - 2W cos 27r |]^. 
But where inversion of properties or anatropy exists, 

cos ^ = cos ( 2 TT - j . 

Now if we compound the two bases I and V to find L by the 
above formula, we must use the inverse method to determine I 
and V for a given value of i, in the resolution of the base into 
its components in given directions. 

When the parallelogram is right-angled, or 

we have S = •- . 
4 

S« that if we resolve L into I and V in directions at right 
angles it is equivalent to one of the components having a retard- 

ation ± 7 . 
4 

When a beam of polarized light whose base is L is incident 
upon the surface of a plate of a uniaxal crystal, and the plane of 
polarization makes the angle ^, as in figure 42, with the princi- 
pal plane of the crystal ; then taking the bases in the directions 
of the planes of the polarizations, and I being the base in the 
ordinary beam, V that in the extraordinary beam, we have 

I' =iL sin <f>. 

If J be the intensity of the incident beam, I^ that of the 
ordinarily and le that of the extraordinarily refracted beam, 
we have 
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and J,= (Z)''^ 

= {Lco&<l>y\ 

= {L&m<l>Y\ 

These are the values of I^ and I^ if they exist alone, but if 
they exist together we must recompound by the interference 
formula. It will be seen that these coincide with Malus's law 
only when v\ = 2. 

Art. 50. When the bases I and V are resolved again in 
rectangular directions as 80 and E8E' in figure 43, we see that 
we have not L reproduced if SO coincides with the original plane 
of polarization, since I and l' furnish components in the perpen- 
dicular direction E8E\ The retardation which occurs on the 
second analyzation of the light requires an additional considera- 
tion. The retardation — between I and V may be considered as 

made up of an acceleration for one as Z, and a retardation for the 
other as l\ proportional to the angles they make with L. Ngw 
I m So for an ordinary beam, and V m Se for an extraordinary 
one, on being resolved again into SO an ordinary direction, and 
ESE an extraordinary one, we may expect them to be accele- 
rated and retarded in a like manner to what takes place on the 
first analyzatiofi ; that is, we shall have the component of Z in SO 
accelerated and in SE' retarded ; whilst the component of V in 
SO is retarded and in SE is accelerated. A complete discussion 
must involve the methods of Chapter II. 



In this manner the components in SO will have a retardation 
\ 
2' 



equal to - . From this, in the interference formula we must take 



« = 2,|, 



and /= (P+ r + 2K'cos 2^^'* , 



Art. 51. Prop. To find the interference phenomena when 
light polarized in a given jplane has been transmitted by a plate 
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of a uniaocal crystal^ cut perpendicular to the aans, and then 
analyzed. 

Let the beam of light entering the eye E have been polarized 
originally in the plane determined by the lines AB and 8E in 
figure 44, taken as the plane of the paper, and before traversing 
the plate aJ of the uniaxal crystal. After emergence from ai let 
it be analyzed in the plane determined by 8E and CD, as a prin- 
cipal plane of a double refracting crystal, making an angle a with 
the plane of original polarization. Let cd represent any princi- 
pal plane of the crystalline plate ah, making an angle ^ with the 
plane of original polarization. 

Let L be the base of the polarized light falling on ah ; the 
base of the beam polarized in the principal plane Z^^ = i cos ^ ; 
that polarized perpendicular to the principal plane Z« = Z sin ^. 

Putting l^, l^, the resolved parts of these in CD, and 

we have 

l^ = L cos ^ cos '^i 

Z^ = isin0 sin*^, 

and compounding these again by the formula above, we have the 
intensity 7 as foUows, 

I^{lJ + lJ + 2l^.l^.cos27r^y 

=^U^ I COS* ^ COS* '^ + sin* ^ sin* -^ 

+ 2 sin ^ COS ^ sin-^ cos -^ fl — 2 sin* -r-Ji 

^X"^ |cos*(^-^) -sin2^.sin 2^siri*^|"^ 

= i;''^|co8*a-sin2^.sin2(^-a)sin*^l"^ (1). 

First, to interpret this formula, let a^s 0, or let the plane of 
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analyzation coincide vnth tlie plane of the original polarization^ 
we have 



7= 



:i''Vl^sin»2^sin»^)" 



TT 



When ^ — 0, or ± - , or w, then the intensity is independent of 

S, and 7= i" = the intensity of the light falling on aJ, and there 
is a bright cross as in figure 86 a, Part I. 

When <f> has any other given value there will be a series of 
maxima and minima depending on the value of S. 

When S= 0, or \, 2\, 3X, &c.... n\ and n any integer, then 

sin* -T- *" ^' ^^^ *^®^® ^^^^ ^® maxima for all values of ^, and a 

brightness in the segments of rings between the arms of the 
cross, equal to that in them, as in fig. 86 a. Part I. 

When S = -, or y , — , &c....——^\ 

then sin* — = 1 ; 
and there will be minima where the brightness will be 



v\ 



7=i''^(l-sin*2^>T 

But the segments of dark rings are not of uniform intensity like 

the bright ones. Where sin 2 ^ = + 1, ^ = ± t , or ± — ■ , there 

will be complete darkness, but not for other values of (f>. This 
explains how the segments of the dark .rings are only perfectly 
black at their middle parts between the arms of the bright cross. 
These particulars are easily seen in experiment, and as shewn in 
figure 86 a, Part I. " 

Intermediate values of 8 give intermediate results. 
Again, wten a = ± - , we have cos a = 0, and 

sin 2 (^ -a):* --sin (180' -2^)=^.- sin 2<^; _ 
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7=rVsm'2^.sin'^"'. 



When ^ = 0, or ± - , or w, we have the intensity zero, or 

7=0, 
and there is a dark cross, as in figure 86 J, Part I. 

When <l> has any other value, we have a series of maxima 
and minima, depending on the value of B ; when S = 0, or \, 2\, 
3\, &c.... n\, and n any integer, we have the intensity /= 0, for 
all values of <f>, and there are imiform dark segments of rings 
between the arms of the cross. 

When o = — , or — - , — , — - — \, the mtensity is 

I=r^ {sin' 2<f>)^y 

and there are bright segments of rings between the arms of the 
dark cross, but the intensity is not uniform, becoming only 

I=^r' when ^ = ±7, or ±^ , 

as seen readily in experiments, though not well represented in 
figure 86 J, Part I. 

When a has any other values in (1), the intensity is uniform 
and independent of X, becoming 

when sin 2^ = 0, or sin 2 (^ — a) =« ; 
or, when ^ = 0, or + -- , or -tt ; 

or, when (^ — a) = 0, or +-, or ir. 

That is, there is a double cross of the above intensity with the 
arms respectively parallel and perpendicular to the planes of 
original polarization and of analyzation. 

For the values of ^ between ^ = and ^ =b a we have 

sin 2(<^-a) = -Bin 2Xa-^)> . . ^ 
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and tlie expression for the intensity becomes in (1), 

/=i*'^|cos*a + sin 2^,sin 2(a-^)8in*^K 

For the values of ^ between ^ = a and ^ = — , we have 
sin 2^ and sin 2 (^ — a), both positive, and 

J=i''^|cos*a-sin 2^. sin 2(^-a) sin* ^['. 

Now for S = these two values of I coincide, and we have the 
intensity of the crosses at the center as above ; but when 

S = -, ory,&c., 

we have a maximum in one case and a minimum in the other, 
or the segments of rings between the arms of the double cross 
have maxima in one sector coinciding in distance from the 
center with the minima in the adjacent sector. 

The same will be found to hold for the other sectors. 
COE, In Art. (4), it was shewn that 

for negative crystals ... S = -^ — j— ^ sin't, 

for positive crystals ... S = ^ t'h* ®"^* **• 

Now the rays by which the rings are seen enter the eye 
obliquely and make an angle i with the axis ; so that the angular 
diameters of the rings vary as V^? wid are therefore similar to 
Newton's rings formed between spherical surfaces; becoming 
closer together as they are further from the center. 

Art. 52. Prop. On the nature of cirmlarly polarized light. 

When a beam of light in the direction 80 (fig. 45), perpen- 
dicular to the plane of the paper, is polarized in a plane whose 
intersection with the plane of the paper is OA^ and this is de- 
composed into two beams having the same direction but polarized 
in planes determined by the lines 80^ Oa^ and 06, inclined 
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+ 45® and - 45® to tlie plane 80 Ay of which one is found, on ana^ 

lyzation, to be retarded - behind the other : the compound beam 

so constituted is called circularly polarized light. This name 
was first given from the properties being the same in all directions 
round ; but in the undulatory theory the name was applied to 
the circular vibrations of the particles of the hypothetical aether, 
which would then exist. 

Let L be the base of the incident beam and the intensity 

Now when the plane of analyzation is SOB (figure 46), making 
the angle ^ with SOA, we have for new bases l^ and Z,, as 
follows : 

Zj = i cos 45®. cos (45® - <l>) 

= ~ (cos ^-f- sin <^), 

Z, = icos45®.cos(45® + ^) 

= — (cos ^ — sin 0) ; 

and if /' be the intensity of the beam analyzed in the plane 
SOB, we have in circularly polarized light the retardation S = j ; 
therefore 



= -7-|(cos^ + sin^)*+(cos^--8in<^)4 P^ 



which is independent of ^, and the base in any plane of ana^ 

lyzation is -j- . This property is most completely given to plane 

polarized light when it has been twice reflected as at ^ and B 
in figure 47, within a rhomb of glass of which the section is 
<ibcd, and each of the angles at a and c is 45®, in accordance with 
the result of Art. 20, the light entering the face ab perpendi- 
PH. OPT. a 
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cularly and emerging perpendicnlarlj from the face cd after two 
reflexions at A and B; the plane of incidence and reflexion being 
inclined 45^ to the plane of polarization of the incident beam, and 
the angles of incidence at A and B being 45^ from the resnlts of 
Art, 20. 

In several experiments with rhombs of plate and flint-glass, 

the retardation S = — appeared to be given by two reflexions 

immediately as total reflexion commenced, as stated at page 38, 
Part I., and with other rhombs the retardation appeared different, 
that is for higher angles of incidence at A and B. The experi- 
ment however must be tried with very perfectly annealed rhombs 
before a positive conclusion can be arrived at, and the theoretical 
result of Art. 20 confirmed. 

Another method of M. Fresnel, which is vety usefrd though 
not accurate, is to employ a very thin slip of mica to produce the 
effects required. That is, the thickness must be such as to give, 
on analyzation, the retardation 

8 = j, or, 8 = w\±-, 

and n is any integer, and the planes of polarization of the 
two rays must be inclined ± 45® to the plane of the original 
polarization of the light. Now mica being a biaxal crystal with 
the optic axes generally inclined at a large angle, the planes of 
polarization of the two rays bisect the acute and obtuse angles 
formed by planes through the optic axes, and the ray, as shown 
in figure 41, Part I.; and a lamina of proper thickness being 
attached to a tourmaline, with one of the planes of polarization 
of its rays inclined 45® to the plane of polarization of the light 
transmitted by the tourmaline, we have the conditions required 
for circular polarizatipn, but only for such tint as the retarda- 

tion IS 7 . 

4 

The circular polarization produced by the rhomb is called 
right-handed or left-handed, according as the plane of reflexion 
(in fig. 45) is inclined 45® to the right, or 45® to the left of the 
plane of original polarization 80 A, and looking in the direction 
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80y respectively ; and we conclude that in total reflexions within 
transparent media when the angles of incidence at A and B are 
45°, the light is analyzed into two parts, one polarized in the 
plane of incidence and the other perpendicular to it, and the 

former is retarded a space - at each reflexion. 

o 

When the inclination of the plane of reflexion to the plane 
of original polarization is any other angle than + 45° the light is 
elliptically polarized, and the brightness is not constant for 
all values of (f) ; and when the inclination is 0°, or ± 90°, the 
light is plane polarized. 

Art. 53. Prop. To investigate the expression for the in- 
tensity of a beam of elliptically polarized light when analyzed in 
any given plane. 

In figure 48, let the letters refer to the similar points to those 
in fig. 46, but let Oa be now inclined at any angle )8 to OA ; 

and one of the two beams being retarded j behind the other, the 

light is generally elliptically polarized, but becomes circularly 
or plane polarized in particular circumstances depending on the 
magnitude of /8. 

We have as in the last Article, 

and now Z^ = i cos )8 . cos ()8 — ^), 

Z, = i sin)8.sin(/9 — ^); 
.-. 7' = i''^{cos»i8cos'(/9-^)+8in"i8.sin*(i8-^)}T. 

Wheni8 = 0, or 90°, 

r = i''\(cos^)''\ 
and </» = 0, then r^U\ 

^ = 90°, then /' = 0; 
or, the light is plane polarized as found by experiment. 



When iS = 45°, sin 45° = cos 45* = i ; 



02 



Digitized by CjOOQ IC 



84 ON THE INTERFERENCE 

as found directly for circularly polarized light. 

Art. 54. Prop. To find the phenomena when circularly 
polarized light falls upon a plate of a uniaxal crystal, cut per^ 
pendicularly to the optic axisy and the transmitted light has been 
analyzed. 

Let 8Ae (in fig. 49) be the direction of the ray which passes 
along the axis of the uniaxal plate oJ, and enters the eye at e. 

Let SAB be the plane of the original polarization of the 
incident light, which has been brought to the state of circular 
polarization as described in Article 52, and then consisting of 
two equal portions polarized in the planes 8AE and 8AF 
inclined +45® and —45® to the plane SAB, and the latter 

retarded -r behind the former, or it is right-handed circular 
4 

polarization. 

Let a principal plane Scd of the crystalline plate ah make an 
angle ^ with the plane SAB, and let the plane of analyzation 
SOD make an angle a with SAB. 

Now if 2/ be the base of the incident light originally polar- 
ized in the plane SAB, we have the bases of that polarized in 

the principal plane Scd equal to -y^, as shown in Art. 52, as 

well as that polarized in the plane at right angles to it, as Scf. 

The ordinary ray being retarded S behind the extraordinary 
ray, we have, after analyzation in the plane SCD, the final 

retardation h' :=^h'- -) and the component bases are 

^ = ;^cos(<^-a), 
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and the base U squared, of the interfering light entering the 
eye, is 

i'»=Z» + r + 2Zrcos27r^' 

= — jcos*(^— a) + sin*(^— a) + 2sin(^— a)cos(^— a)cos2^— >■ 

= Y ] 1 + sin 2 (</» - a) cos 29r - k 

Let (^ — a) = -^ the angle between the plane of analyzation 
and the principal plane of the plate cih ; then if /be the intensitj 
of the light entering the eye, we have 

which is independent of a and ^, and depends only upon their 
difference '^, so that on turning round the analyzer we have the 
same appearances. 

IT 

When -^ = 0, or ± - , or w, we have 
J* 



©" 



which being independent of 8*, we have a cross partially bright, 
as in figure 87, Part I., with its arms parallel and perpendicular 
to the plane of analyzation. 

When -^ = + J , or — , we have sin 2-^ » 1, and the maxima 

8' 
intensities occur when cos 27r r- = 1, or when 8' = 0, or X, 2X, &c. 

At 

... n\, and n any integer, or when 

a-nd the minima are black when cos 27r — = — 1, or when 

A 

^=2' ''' Y' y.&c....-2-\, 
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or g = S+- = -, or-, -^, &c. 

*rr Sir 

Again, when -^ = — - , or — , then sin 2-^ = — 1, and the 

maxima occur for the values of B which gave the minima in the 
other sectors, and the minima for those which gave the maxima 
in the former case. 

The segments of the rings in the alternate sectors hence 
differ by a retardation of 'half an interval ; or the distances from 
the center of the bright rings in one sector equal those of the 
dark ones in the neighbouring sectors, as seen in the experi- 
ments, and shown in figure 87, Part L 

Art. 55. Prop. To Jlnd the phenomena when the light in- 
cident upon a plate of a uniaocal crystal is circularly polarized^ 
and the light CTnergentfrom it is circularly analyzed. 

Let 8 CD (in fig. 50) be the plane of final analyzation making 
an angle -^ = a — ^ with Scd, any principal plane of the plate 
of uniaxal crystal ah. Then the planes inclined + 45° to SCD 
will be those into which the first analyzations must be made of 

the bases equal to -tt , emergent from the plate oJ, polarized in 

the principal plane and perpendicular to it ; and we have from 
the principal plane the components 

-r- cos (45® + '^) = — (cos-^-sin-^), 

-^cos (45°-'^) = — (cos'^ + sin'^). 

These analyzed finally in the plane 8 CD, by multiplying by 

cos (±45°)=-^, 

and then compounded with the retardation j , give a base L^ 
as follows : 



Digitized by LjOOQ IC 



OF POLARIZED LIGHT. 87 

1? 

L^ = -TT- {(cos -^ - sin '^)' + (cos -^ + sin '^)*} 

" 4- 

In the same way we have from the emergent light polarized 
perpendicular to the principal plane of the crystal the com- 
ponents 

^cos(90°+45° + ^) = -;~ sin (45^ + 1^) 

= - — (cosi/r + sin-^), 

;^ cos (90»- 45« + i|r) = ^ sin (45^- i|r) 

= — (cos '^ — sin*^). 

These compounded with the retardation j give for the base L^ 
as follows, after analyzation, by multiplying by cos (+ 45®), 

Le = "^ {(cos '^ + sin -^y + (cos '^ — sin '^)*} 

o 

4 * 
Finally, 2/, and Lt compounded with the retardation S" give ' 

At 



= -(l + cos2,r-); 



or the intensity does not change with '^, and there are no crosses 
bright or dark, but complete rings, the maxima occurring where 

C08 27r-r- = + 1, 
A 
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and the black rings where 

cos27r— = — 1; 

the intensities of the bright rings being F = (i)*'\ and those of 
the dark ones zero, or /' = 0. 

Art. 56. Prop. To find the phenomena when a plate of 
guartz crystal cut perpendicularly to the aocis is placed between 
the polarizing and analyzing plates. 

In figure 51, let SAaCe be a ray entering the eye e, origi- 
nally polarized in the plane SAB. 

Let 8cA be a principal plane of the plate of quartz, making 
an angle ^ with the plane of original polarization 8AB^ and 
let 8CD be the plane of analyzation, making the angle a with 
SAB. 

From Art. 53 the base of an elliptically polarized beam after 
analyzation is expressed by the formula 

r = U (cos'iS cos'i/r + sin'/9 sin'i/r), 

where '^ is the angle in fig. 48 between the chief plane of polar- 
ization of the elliptically polarized light and the plane of final 
analyzation SCD-, but cos)8 and sin)8 are now to be considered 
coefficients only, which determine the degree of ellipticity of the 
two beams into which the light is refiracted by the quartz plate, 
according to the experiments of M. Biot as interpreted by 
M. Fresnel, which are circularly polarized when they pass along 
the axis of the quartz plate, and elliptically polarized near it, 
but plane polarized when they pass at right angles to it; the 
two beams traversing the axis of the crystal with slightly dif- 
ferent velocities ; and the light becoming plane polarized to the 
senses at an inclination of 20 degrees to the axis, as found by 
M. Jamin. 

In the formula above we have )8 = 45® at the axis, and )8 = 
at right angles to it, and /8 also becoming sensibly zero at an 
inclination of 20 degrees to the axis. If i be the base of the 
light incident upon the quartz plate, polarized in the plane SAB^ 
we must put L cos if> for that of the ordinary beam, and i/ sin ^ 
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for that of the extraordinary beam when the transmitted light 

is sensibly plane polarized; but cos^ and sin^ become each -^ 

at the /ixis, or ^ = 45®, and <^ changes with )8 near to it. Thus 
if l^ and Z^ are the bases of the two components after analyzation, 
we have 

Z/ = r cos"^ (cos'iS cos»i/r + sin'iS sin' V^), 

Ze' = i' sin'i^ (cos'iS sin'i^ + sin'i8 cos'i^) ; 

the latter being formed for the plane Sac as the former was for 
the plane Sab, at right angles to it. 

These are to be compounded by the formula, with the re- 
tardation S', thus : 

i'« = Z,"+Z/+2Z,.ZeCos27r-; 
or substituting the values above, we have 
i'*=i* cos'<^(cos')8cos''^+sin')3sin''^)+sin*^(cos')8sin*^+sin*)8cos*^) 

+2sin^os<^v/{(cos*)8cos''i/r-fsin')8sin'^) (cos*)8sin*^sin*)8cos'^)}cos27r- 

and the intensity /is 

/= {L'Y\ 



and 



Now at the axis we have ^8 = 45^ and cos /8 = -^ = sin /8, 



L'^^L' r^ (cos'f + sin'i^) + ?^ (cos«f + sin«f ) 

« • ^ ^ /{(sin'f +cosV)'} o *1 
+ 2 sm <^cos ^ . / 5^ -^ ^-^cos27r- 

= — ( 1 4- sin 2<f> cos ^'fTy); 
and since tf) = 45® also, we have 
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Since '^ has disappeared, the intensity is the same all around 
the axis, and near to it, whilst fi = 45^ nearly, or the light can be 
considered as consisting of two circularly polarized beams. The 

intensity depends upon cos 27r ~ , and S' is a fdnction of* a, the 

angle between the planes of polarization and analyzation, the 
phenomena recurring with every 180^ that a is increased, so that 
we have 

That S' is a fimction of a we may see in the following man- 
ner. In fig. 52 let 8E be a ray which has traversed the quartz 
plate A£, the transmitted light being circularly polarized with if> 
taken 45^ Let the lines drawn perpendicularly to 8E through 
the points o, o', e, e' represent the sections of the luminiferous 
surfaces constituting the circularly polarized light, in contempo- 
raneous positions with the distances oo' and ee\ each equal 

to T , and of which the polarizations are indicated by the small 
4 

letters h, parallel and perpendicular to the plane of the figure. 

Now if the crystal were an ordinary uniaxal one, the retardation 

would be the distance oe, but in the circularly polarized light, 

putting a = a — J , when the plane of analyzation coincides with 
the plane of the figure, or a' = 0, the light famishes no compo- 
nents from o' and «, and the retardation is oe'^oe + -; and 

4 

when perpendicular to it, or a = ^ , the light famishes no com- 

ponents from o and e\ and the retardation is oe = oe — j. For 

intermediate positions the retardation will be intermediate and 
involve a function of a. We may thus assume an expression 
ftilfilling the above conditions in the following form : 

'4.- 

st' _L^ ^ a .>- "* 4 ^ 

4 2 IT 2 TT 

2 
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or, putting S = ae, anda = a' + -T , we have 



2 TT 

Now when a = ~ in fig, 51, before the crystal was inter- 
posed there was darkness; and 7=0 again when the crystal 
being interposed we have cos 27r r^ = — 1. Then a = a + -j , for 

this value of S' will be the angle through which the plane of 
analyzation must be turned to reproduce the dark field ; 

or o = -— — X=:d + ~ , where » = 0, or any integer ; 

/. n\ = S ; 

IT 

and when n = for thin plates we have 

-4- 

TT A 

For a thickness one millimetre or 'OSSS? inch and orange- 
light, M. Jamin found r^ = '12, and hence 

A» 

a = •I27r =: -12 x 180^ = 2lH, 
which agrees with the experiments of M. Biot. 

For a series of thicknesses and values of S in arithmetic pro- 
gression, we shall have the corresponding values of a in arith- 
metic progression ; according to M. Biot's law of rotatory polar- 
ization. 

If T be the thickness of the quartz plate, a sl given linear 
constant equal to S when 7= X, and 8 = — , we have 

a = -T^ varying as ^ for diflferent colours with the same plate. 
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When )8 = 0, we have 
i" = U (cos* ^ cos* -^ -f sin* ^ sin* -^ 

+ 2 sin ^ cos ^ sin -^ cos ^ cos 27r - j 
= i* ■! (cos ^ cos -^ + sin ^ sin '^)* — sin 2 ^ sin 2-^ sin* — [ 
cos* (^ - V^) — sin 2^ sin 2-^ sin* ^l 

= U ( cos*a — sin 2^ sin 2-^ sin*— •] , 

as found for a uniaxal crystal in Art. 51. 

At different inclinations to the axis of the crystal, it was 
formerly supposed that the retardation of the extraordinary ray 
behind the ordinary one varied as a constant for the axis, plus 
the square of the inclination to the axis, analogous to the case 
of calc-spar and other uniaxal crystals. The progression of 
the rings are however evidently very different from this near 
the axis, and M. Jamin* has found that the formulae of M. 
Cauchy represent excellently the phenomena. The following 
are from his results. Let \ be the difference of paths for the 
axis and a thickness of the plate one millimetre or '03937 inch 
or \ = •12X , i = angle of refraction within the plate = incli- 
nation of the ray to the optic axis, p. the refractive index of the 
ordinary ray, when incident at right angles to the axis of the 
crystal, ii that of the extraordinary ray ; then fjJ — (1 = '00905 
from the experiments. 

The thickness of the plate being a millimetre, h the retarda- 
tion at an inclination i\ by M. Cauchy's formulae we have 

S*=/sinS-'+S,*cos*t'; 

also the ratio of the component bases in the elliptically polarized 
light he found to be expressed by the formula, 

• Annales de Ckimie et de Physique, Tom. xxx. p. 56. 
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the ratio =A: = ± If tan"f ± ^(l +|Jtan*i')l . 

In the experiments p was found ' 

= 16-034, for X = •000561**~ = -000022086 inch, 
for the orange-light of the spirit-lamp with salted wick. 

There is, however, a fatal objection to the generality of these 
formulae, for they are not homogeneous. 

The quantity J? for a thickness one millimetre and X measured 
in decimals of a millimetre, is a ratio and numerical ; but 8 and 
\ are linear, and their values depend on the unit of linear 
measure which is used, but of which p is independent. A'similar 
objection lies against the formula for U. The value, of X em- 
ployed is also considerably different from Fraimhofer's value for 
the fixed line i>, which is generally allowed to correspond with 
the orange-light of the spirit-lamp with salted wick. It must 
therefore be considered that the accordance of M. Jamin's experi- 
mental results with the formulae is accidental, and that the true 
general formulae are yet to be discovered. 

The formula given by M. Cauchy for the retardation S in the 
Comptea Bendtis, Tome xxx. p. 99, is 

S' = S,'cosV-h€'sinV, 

and c being the thickness of a plate of quartz cut perpendicular 

to the axis ; also - being the difference between the indices of 

ordinary and extraordinary refraction, with t' the angle of refrac- 
tion of the ordinary ray. 

This formula is homogeneous, but must have been subse- 
quently changed. 

Art. 57. Prop. To find the phenomena when circularly 
polarized light is incident upon a plate of quartz crystal cut per-- 
pendicularly to the axis, and the emergent light has been analyzed. 

In figure 53 the letters referring to the same parts as in the 
last proposition, the incident light upon the crystal now consists 
of two equal portions polarized in planes inclined ± 45® to the 



Digitized by LjOOQ IC 



94 ON THE INTERFERENCE 

plane of original polarization 8ABy with a retardation — between 
them. 

Therefore putting (^ — 45®) and (^ + 45°) for j> in the expres- 
sion of the last proposition, we have 

Z,":=i*cos"(<^-.45°)(co8*)8cos*V^ + sin»/9sin'V^) (1), 

Z;*= Ir* cos* (^ + 45°) (cos*/9cos''^ + sin')8sin''^) (2), 

4" = Ir"sin»(^-45')(cos'^/9sin'V^ + sin'/9cos*i/r) (3), 

?;'= U sin* (<^ + 45°) (cos*/9 sin" ^ + sin* /9 cos' ^) (4). 

Now (1) and .(2) have the retardation j , as also (3) and (4), 

so that if If' is the base of the finally analyzed light from com- 
pounding (1) and (2), we have 

L^ = U [(cos«/9 cos*^ + sin*/9 sin*^) {cos* (^-45°) H-cos*(^ +45°)}] 
= U [(cos*y9cos*^-f sin'/Ssin*^) {i(cos<^sin^)*-|-i(cos^-sin^)*}] 
. =i*(cos"/9cos»VrH-sin*i8sin*Vr). 

Similarly, if L' is the base from compounding (3) and (4), 
we have 

L"^ = i*[(cos*)8 sin*ip^-|-sin»)8 cos^) {sin* (^-45°) + sin*(^ + 45°)}] 
= i»(cos*i8sin*V^+sin*^cos»^), 

and L* has a retardation H behind L ; therefore if L is the base 
of the interfering light entering the eye, we have 

L* = i'* + L"^ + 2LL' cos 27r % 



= U riH-2v/{(cos*/9cos*^sin*y9sin*^)(cos*/3sinV+sin*i8cos*V^^ - 1 

= i* |l -f x/(l - cos* 2/3 cos' 2^) . cos 27r -I . 

Now at the axis of the crystal )8=45°, and cos/9 = sin^ = -j- ; 
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and substituting these values, we have 

L' = i*^l-fcos27rr-V 

which is independent of y^; and therefore at the axis and near 
to it the light is uniform on all sides. But S' in Art. 56, hav- 
ing the expression 

^ = 8 + ^-^. 

the value of L depends upon the value of a, the angle between 
the planes of polarization and final analyzation, as well as upon 

S or the thickness of the plate ; and the values of cos 27r — recur 

A» 

as a is increased by tt in value, and change sign as a increases 

every | in value. These are easily seen in the experiment; 

for if in place of the arrangement which produces the appearance 
of fig. 90, Part I., we turn the plane of analyzation round 90^, 
we find brightness in place of darkness in that figure, and dark- 
ness in place of brightness. 

Again as i' increases from at the axis, j3 rapidly diminishes 
from 45® at the axis, imtil it becomes sensibly zero when i' is 
20°, and cos 2/3 increases from zero at the axis to unity when 
i' = or > 20^ and then 

U = i' jl + V(l - cos* 2^) cos 27r || 

= IfNl + sin 2-^ cos 27r -[ ; 

and there are now brighter and darker spaces depending on y^ 
and B', Taking for different values of t whilst a is constant, 
until the true expression is foimd, the approximate expression 

S'* = S,*cosS" + €*sinS", 

where €* is still an unknown function of the thickness of the 

plate ; then if sin 2-^ cos 27r — were constant, we should have 

the relation of i' and y^ in the spiral curves at a distance from 
the axis. 
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Near the axis however the spiral curves, bright or dark, 
would be found by putting L* constant, or 

V(l — cos' 2fi cos' 2-^) . cos 27r - = constant, 

/I — tan t'\* 
in which we might take tan^ = fr — - — r,] as satisfying the 

conditions of the rapidly diminishing value of yS from 45** when 
t' = 0, to ^ very small when i' = 20** ; and then the relations of 
y^ and i' would furnish the equations of the spirals. 

Art. 58. Prop. To find the form of the interference curves 
when a plate of a hiaxal crystal cut perpendicularly to the line 
bisecting the angle between the optic axes is placed bettoeen the 
polarizing and analyzing plates. 

The incident light being polarized in the plane SAB, let 
the ray 80e traverse the plate of the biaxal crystal along the 
line which bisects the angle between the optic axes a^ and a, in 
the figures 54 and 55, supposed upon the second surface of the 
plate which is perpendicular to SOe, and Pthe point where any 
ray emerges. If we join a^, a, and P as in the lower figure, and 
draw Pg bisecting the angle a^Pa^, then the plane of polarization 
of one of the rays passes through Pg, as stated at page 40, 
Part I., and the plane of polarization of the other is at right 
angles to it 

The letters in the figure being in a plane at right angles to 
the line 8A 0, let if> = angle between the plane of polarization 
of the first ray and that of the original polarization, or between 
Pg and OH; let 7 = angle between the plane of the optic axes 
and the plane of original polarization, or between a^a^ and Off, 
Join a^Pi OjrP, and OP; put OP=p=: radius vector, and angle 
P0a^=^6; also put a^O = a,0 = c = half the distance of the 
optic axes. 

Now if S = retardation of one ray behind the other, as they 
emerge from the plate at P, we have, from Art. 14, 

a,Pxa^=^, 
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where A; is a given constant, and S is constant for a given inter- 
ference curve ; which gives 

a^P X a^P= constant, 

the property of the lemniscate curves. 

To find the equation of the curve for a given value of S in 
terms of p and 0, we have from the triangle a^PO, 

a^F" = p« + c' - 2pc cosd; 
and from the triangle a^O, 

a^P" = p^ + c'* + 2pc cos ; 

.-. a.P" X a.P' = J-, 

= (^2_|.oy-4/oVcos«d; 
which gives 

p' = c' (2 cos« d-l)±^^c' {(2 cos' ^ - 1)« _ 1} + 1] , 
where the + sign is to be employed. 

To find the curve with 8 constant, which passes through 0, 
we have at that point 

a^P=a^P=c, and p = c*; 

.-. /o* = 2c*(2cos'd~l) 
= 2c^ cos 20^ 

which is the equation of the lemniscate of Bernoulli, as in 
fig. 5Q, OPAA\ and as seen in the experiments. 

For points near the optic axis a^ putting a^P= 2c nearly, 
then a^P= constant nearly when S is constant, and the curves 

are ovals nearly circles. Also since j- varies as a^P nearly, 

therefore giving 8 a succession of values increasing by \, we 
have a series of curves at nearly equal distances, as shewn in 
fig. 94, Part I. For points at a great distance from the optic 
axes when they are near together, we have aJP=aJP nearly, 
and a^P^ = constant, nearly, for S constant ; or the interference 
curves are again nearly circles. 

PH. OPT. H 



Digitized by GoOglCV' 



98 ON THE INTERFERENCE 

These figures are seen the best with homogeneous light, and 
by using circular polarization and circular analyzation, so that 
the brushes disappear. 

Art. 59. Prop. To find the fiyrms of the hrushea when a 
plate of a biaxal crystal is placed between the polarizing and 
analyzing plates. 

Taking the figures of the last proposition, produce the line 
a^a^ to i, and let the angle Pafi = a^, angle PaJ> = a,. 

We have angle Pgb = ^ — 7, and since the line Pg bisects 
the angle a^Pa^^ we have 

angle a^Pg = angle a^g, 

or ai-(^-7) = (<^-7)-«si 
or a,-f ajj = 2(^-7); 
put 2iy = 90°-2(<^-7), or 1; = 45^- (^-7), 
and tan (a^ -f a,) = tan 2 (^ — 7) = cot 2^ ; 

V X 4. pmid , ^ psind 

but tan a. = —^ — ^ , and tan a, = -^- — ^ — ; 

* pCOS^ — C * /)C0S^-fC 

/. tan (ttj + a,) = cot 2iy 



_ tan a^ + tan a ^ 
1 — tan a^ , tan a, 

2p* sin 6 cos 



"■p'(cos»^-sin*^)~c'' 

or cos 2r)(p*coa 2^ — c^ =p'sin 25.sin 217; 

a c* cos 217 _ c' cos 217 
•'* ^ "* cos 2 (5 -f ^) "■ 2 cos* (^ + 17) - 1 • 

Comparing with p^ = -jj — ^ff\ ^^^ polar equation of an hyper- 
bola referred to the center, we see that whilst r) is constant, we 
have e* = 2, and a^ = c^ cos 217, and the equation is that of a rect- 
angular hyperbola. 
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Now since the rays are polarized at right angles to each 
other, on emerging from the biaxal plate, we have the same 
relation as in iiniaxal crystals until we come to interpret the 
expressions ; and therefore as in Art. 51, we have the intensity / 
as follows : 

and L'^ = U f cos' a — sin 2^ sin 2-^ sin" tt — j . 

In the brushes the intensity is independent of S, and therefore 

sin 2^ = (1), 

sin 2^ = sin2(^-a)=0 (2), 

and from (1) . . . ^ = 0, or '0 = 90^ 
from (2) ... ^ = a, or <^ = 90^ + a. 

Taking the second values of j> from these, we have 

= 7-45^ 
and i; = 45*-(90^ + a-7) 
= 7 — a •- 45®. 

If we put ff for ^ + ?;, or put p*= ~^-^|y-l- we have 

^ '^ 2 cos' 5 — 1 ' 

^' = ^-1.^-450 (3)^ 

^'=^ + 7-a-45' (4). 

These shew that there are generally two hyperbolic brushes 
which pass through each optic axis, since ^ = gives p'=c', 
and their transverse axes are inclined 45® to the planes of original 
polarization and analyzation; or their asymptotes are parallel 
and perpendicular to those planes respectively. 

When a = 0, or 90®, the two hyperbolas coincide, whatever 
7 may be, and the intensity /= {L cos a)''\ being i"^ in the 
former case, and in the latter. 
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When 7 = 0, or 90', in (3), or 7 = a, or a + 90', in (4), 
we have ^ = ± 45', and cos 2?; = 0, 
c' cos 2rf 



but p^ = 



cos 2{d + rf)' 



and we must have 0=0, or 90', or the hyperbolas are reduced 
to their asymptotes, giving a bright or dark cross through the 
center 0. 

Art. 60. The discussion of the equation 

X" = X' f cos' a — sin 2<f> sin 2-^ sin' tt - j , 

when applied to biaxal crystals, leads to results analogous to 
those in Art. 51. When a and 7 are such that there are two sets 
of hyperbolas, the dark arcs of lemniscates on one side of an 
hyperbolic brush correspond to the bright ones of the lemniscate 
curves on the other side of it. 

Art. 61. When the incident light is circularly polarized, 
or the emergent light is circularly analyzed, we have to in- 
terpret the equation 



Zj / g\ 

X'^ = — fH-sin2'^cos27r--j , 



and find, as in uniaxal crystals, sectors in which the dark arcs in 
one correspond to the bright ones in the contiguous sectors ; the 
separating brushes being of a neutral tint. 

Art. 62. When the incident light is circularly polarized 
and emergent light is circularly analyzed we have to interpret 
the formula 

and there are now no brushes, but the lemniscate curves are 
seen continuous. In homogeneous light their forma are very 
accurately shown in experiments. 
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Art. 63. Prop. To find the phenomena when a cylindrical 
rod of unannealed glass is placed between the polarizing and 
analyzing plates. 

In fig. 57, ab being the portion of a cylindrical rod of tin- 
annealed glass, set with its axis in the line 8 A C, we have the 
same expression for the intensity of a beam entering the eye at e, 
as for uniaxal crystals, since the rays are polarized in, and per- 
pendicular to, the planes passing through the axis of the cylinder, 
as optic axis. 

Then in the expression 

X'* = L' (cos* a — sin 20 . sin 2-^ sin' 't-j, 

we have the rings and crosses indicated similarly to imiaxal 
crystals, but S now depends upon the distance from the axis at 
which the ray passes through the cylinder, and upon the length 
of the axis of the cylinder ; the beam being considered to pass 
parallel to the axis and to consist of parallel rays. In this man- 
ner the rings are closer as they are more distant from the axis, 
and also as the cylinder is longer. 

Art. 64. In irregular pieces of unannealed glass, and in 
crystals with irregular crystallization, the retardation is not sub- 
ject to a simple rule, and the phenomena present many very 
beautiful but unsymmetrical appearances. 



THE END. 
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separately.) YoLh 11.8s. Yol.U.ll.is. Vol. III. 18*. VoL IV. Part 1. 18^; 



Part II. 14*.; or in one Vol. 32*. 



LATIN AND GREEK CLASS-BOOKS. 

Auzilia Latina. A Series of Progressive Latin Exercises. By 

Bey. J. B. Baddeley, M.A. Fcap 8vo. 2s. 
Latin Prose Lessons. By A. J. Church, M.A. 2nd Edit Fcap. 8yo. 

2s. 6d. 

Latin Exercises and Grammar Papers. By T. Collins, M.A. Fcap. 
8vo. 2s. 6d. 

Analytical Latin Exercises. By C. P. Mason, B.A. Post 8vo. 3s. 6d, 
Scala Grseca: a Series of Elementary Greek Exercises. By Rev, J.W. 

Davis, M.A., and R. W. Baddeley, M.A. 8id Edition. FcapSvo. 2s,<UL 
Greek Verse Composition. By G. Preston, M.A. Crown 8vo. 4g,6d, 

By the Rev. P. Frost, M.A., St. John's College, Cambridge. 

Eclogae Latinee ; or, First Latin Reading Book, with EngEsh Notes 

and a Dictionary. 16th Thoiiaand. Fcap 8vo. 2s. Qd. 
Materials for Latin Prose Composition. 8th Thousand. Fcap 8vo. 

2s. 6d. Key, 4s. 
A Latin Verse Book. An Introductory Work on Hexameters and 

Pentameters. 5th Thousand. Fcap 8vo. 8«. Key, 6s. 
Analecta Grseca Minora, with Introductory Sentences, English Notes, 

and a Dictionary. 19th Thousand. Fcap 8vo. Ss. 6d. 
Materials for Greek Prose Composition. 2nd Edit Fcap. 8vo. Ss.Qd, 

Key, 5«. 
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Bt thb Bby. F. E. Gbbtton. 
A First Cheqne-Book for Latm Verse-makers. Is, 6d. 
A Latin Version for Masters. Us, 6d, 

Bedd^nda; or, Passages with Parallel Hints for Translation into 

Latin Prose and Verse. Crown 8vo. 4». 6d. 
Beddenda Beddita {see next page). ' 

By H. a. Holden, LL.D. 

Follonun Silvula. Part 1. Passages for Translation into Latin 
Elegiac and Heroic Verse. 6th Edition. Post 8vo. 7<. M. 
. ' Part II. Select Passages for Translation into Latin Lyric 
and Comic Iambic Verse. . 3rd Edition. PostSyo. 5«. 



r. Part III. Select Passages for Translation into Greek Verse. 

8rd Edition. PosiSvo. 8«. 

FoHa Silvnlse, sive Eclogse Poetamm AngUcorum in T4atinnm ot 
GrsBCum conversse. 8vo. Vol. 1. 10a. 6d. Vol. II. 12«. 

Foliorum Centnriee. Select Passages for Translation into Latin and 
Greek Prose. 6th Edition. Post 8vo. Ss. 



TRANSLATIONS, SELECTjONS, &c. 

*^* Many of the following books are well adapted for school prizes. 

^Siihylas. Translated into English Prose \xj F. A. Paley, M.A« 

2nd Edition. 8vo. 7s. 6d. 

'■ ' 1 Tnanslated by Anna Swanwick. Crown ^yo. 2 vols. Vijs. 

— ^— Folio Edition, with Thirty-three Illustrations from Flax- 
man's designs. 21, 2s. 

Anthologia Grseca. A Selection of Choice Greek Poetry, with Notes. 
"B^ Rev. F. Bt. John ^Thacaceray. Fcap 8to. 7s. 6d. 

Anthologia Latina. A Selection of Choice Latin Poetry, from Neyias 
to BoSthhis, with Notes. By Bev. F. St. JTohn TMckbray; Itap 8to. 
6s. 6d, 

Aristophanes: The Peace. Text and metrical translation. 
B. B. Rogers, M.A.. Fc»p 4tQ. 7s. 6d, 

The W^asps. Text and metrical tran^tion. By B. B. 

Rogers, M. A. Fcap 4to. 7s. 6d. , , 

Corpus Poetamm Latinon]uaa. Edited by Walker. 1 voL dvo/ 18s. 

Horace. The Odes and Carmen Ssecolare. In English Verse by 
J. Gonington, M.A. 5th editi<m. Fcap 8vo. ^ 5s,M. ' :> . 

— ^— The Sadres and Epistles. In English Verse bylT.'Ooniiig- 
ton,M.A Srdedition. 6«.6d. 

— Illustrated from An^qne Gems by C. W. Eiag, M.^A.: The 
text revised with Introductiaa l^ H. A. Ji piynro, p)f .A, ^HufXtS^'flLis, 
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MvssB Stonenses, sive GarminTm Etona Cooditorvm Delectvs. By 

Richard Gkm, 8 toIs. 8to. 15*. 
Propertlns. Verse translations from Book Y., with revised Latin 

Text. By F. A. Faley, M.A. FcapSYo. Si. 
Plato. Gorgias. Translated by E. M. Cope, M.A. 8yo. 7s. 

Philebos. Translated by F. A. Paley, M.A. Small 8vo. 4«. 

Theffitetns. Translated by F. A. Paley, M.A. Small 8yo. 4s. 

Analysis and Index of the Dialogues. By Dr. Day. Post 

8to. 6m. 

Beddenda Reddita: Passages from English Poetry, with a Latin 
Verae TranBlation. By F. E. Gretton. Crown 8to. fit. 

Sabiinn Corolla in hortnlis Regie Scholse Salopiensis contexnenmt 
tres Tiri floribtiB legendia. Editio tarda. Svo. St. Sd. 

Sertiim Cartbnslainim Fieri bos trinm Secnlorom Gontextom. By 

W. H. Brown. 8to 14«. 
Theocritos. Li English Verse, by C. S. Calverley, M.A. Crown 8to. 

Translations into English and Latin. By C. S. Galveiley, M.A. 

Post Syo. 7«. M. 

■ into Greek and Latin Verse. By B. C. Jebb. 4to. doth 

gilt lO«.0d. 
Virgil in English Bhythm. By Eev. B. C. Singleton. Large crown 

8to. 7». W. 

REFERENCE VOLUMES. 

A Latin Grammar. By T. H. Key, M.A. 6th Thousand. PostSvo. 8s. 
A Short Latin Grammar for Schools. By T. H. Key, M.A., F.BJ3. 

8th Edition. Port8vo. St. 6d. 
A Guide to the Choice of Classical Books. By J. B. Mayor, MJk. 

Crown 8vo. St. 
The Theatre of the Greeks. By J. W. Donaldson, D J>. Poet Svo. 

6t, 

A Histoiy of BomaB Literatiire. By W. S. Tenffel, Professor at the 
Univenity of TutaingeQ. By W. Wagner, Ph.D. 2 vols. Demy 8to. Sit. 

•Stndenfa Guide to the University of Camlnidge. BeYised and cor- 
rected. 8rd Bditiou. Fcap. 8to. 6s. 6d. 



CLASSICAL TABLES. 

Greek Verbs. A Catalogae of Verbs, Lrregnlar and Defective; their 
leecHnff fbrmationa, Umam, and inflexions, with Pandbgrna ftwr eoi ^f Mj atJ oB , 
Buleaforibrmctioaoftenaefl, Ac. 4(C ^ J. S. Baird, T.C.D. 2t,M. 

Greek Accents (Notes on). On Card, 6^ 

Hemetic Dialect Its Trfwuting F(»ms and Peoolianties. By J« S. 

Baizd,T.C.D. It. M. 
GT^ek Acddence. By the Ber. P. Froflt, MJL li. 
IMn A<Mili6ii6e. By the Bev. P. Rost, M.A. U: 
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Iiatin VerslflcKtioxi. Is, 

Notabilia Oasedam ; or the Principal Tenses of most of the Irregolar 

Greek Verbs and Momentary Greek, Latin, and French Constracttoofl. 

New edition. 1«. 6d. 
^chmond Bnles for the Ovidian IHstich, &c. By J. Tate, M.A. Is, Mj 
The Principles of Latin Syntax. Is, 



CAMBRIDGE SCHOOL AND COLLEGE 
TEXT-BOOKS. 

A Series of Elementary Treatises for the use ofSHttdents in the Univer- 
sitieSf Schools, ^md Candidates. for the Public 
Examinations, Fcap Svo. 
JUithmetic. By Rev. C. Elsee, M.A. Fcap. Svo. 7th Edit. 9s, dd. 
dements of Algebra. By the Bey. G. Elsee, M.A. 4th Edit. 4^. 
Arithmetic. By A. Wrigley, M.A. 8a. 6rf. 
— ^— A Progressive Coiurse of Examples. With Answers. By 

J. Watson, M.A. Srd Edition. 2<. 6<2. 
An Introduction to Plane Astronomy. By P. T. Main, M.A. dnd 

Edition. 4s, 
X!onic Sections treated Geometrically. By W. H. Besant, MjI. 

2nd Edition. 4«. 6d. 
Btementary Stattcs. By Bev. H. Goodwin, D.D. 2nd Edit. 9$, 
Elementary Dynamics. By Bev. H. Goodwin, B.D. 2nd Edit. 3s, 
Elementary Hydrostatics. By W. H. Besant, M.A. 7th Edit. 4s. 
An Elementary Treatise on M^isaratiOB. By B. T. Moore, M.A. 5s, 

The Firgt Three Sections of Kewton's Principia, with an Appendix ; 

and the i7inth and Eleventh actions. By X H. Evans, M.A. Mh Edition, 

byP. T.]i]^M.A. U. 
Elementary Trigonometry. By T. P. Hudson, M.A. 9s, 6d^ 
vGeometElcal Optics. By W. S. Aldis, M.A. Ss,M. 
Anal^cal Geometry for Schools. ByT.G.Vyvyan. 3rd Edit 4s,6d. 

^Companion to fte Greek Testament By A. 0. Barrett, A.M. 3rd 
Edition. Fcap Svo. 5t, 

Ad Historical and Explanatory Treatise on the 6o6k of ObmmoB 

Prayer. By W. G. Humphry, B-.D. «th Edition. • Fcap. Svo. is. 94, 
•WuAie, By H. G. Banister. 4th Edition, bs, 

ARITHMETIC AIsTD ALGEBRA. 

trind^les and Practice of Arithmetic. By J. ^tnd, M.A. dt&Edk. 

4s, 94, . •• . -■ 

i of Algehra. ^ By J. Hind, M.A. 6i}i Edit 8vo. ^ 10$. (M, 

See alf aforegoing Sferies^ 
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GEOMETRY AND EUCLID. 

Text Book of Geometry. By T. S. Aldis, MjL Small 8to. 4<. Qd, 

Parti. 2».W. Part II. 2». 
1%e EleiQents «f Suclid. By H. J. Hoae. Foap, 8yo. i». 64, 

BxeroLies separately, U. , . 

n The First Six Books, with Commentaiy by Dr. Lardner. 

lOth Edition. 8vo. 6$. 

^ The nnt Two Bookq explained to BegUmers. By ^C. P. 

Maaoii,B.A. StidSdition. F<»4|>3vO. U,6d^> 

The EnunciationB and Flgares tD'E«;^kd)3 Elements. By Eev. J. 
Brasse, D.D. Srd Edition. Fcap. dvo. ' U. On Cards, in case, Ss. M, 
Without the Figures, 6d, y 

Exercises on Swflid and in Modem 'Geoinetiy. By J* McDowell, B.A. 

Crown 8vo. 8«. 6<l. 
Oecqnetiical Conic Sections. ByW.H.6esant,M.A. 2nd Edit. 4^.Qd, 
The Geometry of Conies. By C. Taylor^ M-A- Sod Edit. Byo, As.Qd. 
Solutions of Geometrical Rroblemsi prqposedr ot 3t. JohnVi, College 

. from ItSO to 1846. By T. Gaskin, H.A. Svo, 12s. 



TRIGONOMETRY. 

The Shrewsbury Trigonometry. By J. C. P. Aldous. Grown 8yo. 2«, 

Elementary Trigonometry. By T. P. Hudson, ])f A Ss. 6d, '^ ' 

Elements of Plane and Spherical Trigonometry. By J. Hind, IK.A. 
5th Edition. ISmo. 6$. 

An Elementary Treatise on Mensuration. By B. t, Hoore, H.A. 5s. 



ANALYTICAL QEOMETRYl 
AND DIFFERENTIAL CALCULUS. 

An Introduction to Analytical Plane Geometry. By W.'P; Tumbull, 

M.A. tvo. i«#. 
Treatise on Plane Co-ordhmte Geometry. By M. cysiei^ Mul« dto. 

' «»• • "---.. 

PlrohtemB on the Principles >of Plane Co>«rdinate Geomet^. By W. 

Walton, M.A. 8vo. ie». 

TriUnear Co-ordinates, and Modem Analytical Geometry of Two IH- 

mensions. ^^ W. A. Vhitworth, |&.^. Svo, ie«., 
Choice and Chance. By ^. A* Wl^itwor^. 2nd Edit Qr. Bvp. ««. 

Aitf Blepentary Ti^eatise on Solid Geometry. By W. S. Aldis, M.A. 

Snd Edition, revised. 8vo. Ss, 
Geometrical moKtrcUtions of the J)iffer9ntial Calculus*. By M. B. PelL 

•▼o. iiiSd. - - ., >T - :. i 

El e mentary Treatise on the Differently CaJM^s, By M. Q'Briont 

M.A. 8to. 10«. ed. 

notes on Boulettes and GHesettee. By W. H, Besant,,!^ fifo 
u.$d. 

Elliptic Functions, Elementary Treatise on. By A. Cayley, MJL 
Demy» 15s. 
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MECHANICS & NATURAL PHILOSOPHY. ^ 

Elementary Statics. By H. Goodwin, D.D. Fcap. 8to. 2nd Edit. -Si. 
Treatise on Statics. By S. Eamshaw, M. A. 4th Edit. 8vo. lQg,fa. 
A Treatise on Elementary Dynamics. By W.Gamett,B.A. Cr.8vo. 65. 
Elementary Dynamics. By H. Goodwin, D J). Fcap.Syo. 2nd Edit. 

Probl^ns in Statics and Dynamics. By W. Walton, M.A. 8v<^. 10^ M. 

Problems in Theoretical Mechanics. By W. Walton. 2nd Edi,t. 

revised and enlarged. Demy 8vo. 16». 
An Elementary Treatise on Mechanics. By Prof. Potter. 4th Edit. 

revised. %$. 6<2. 
Elementary EydrostaHoe. By Prof. Potter. 7«. &I. 
M By W. H. Besant, M.A. Fcap. 8vo. 7th Edition. 4«. 

A Treatise on Hydromechanics. By W. H. Besant, M.A. 8vo. Neiv 

BiHtion in the press. 
A Treatise on the Dynamics of a Particle. Preparing, 

Solutions of Examples on the Dynamics of a Rigid Body. By W. N. 

arifan,M.A. 8vo. 6s. 6d, 
Of D^otion. An Elementary Treatise. By J. B. Lunn, M.A. 7s.6tf. 
Geometrical Optics; By W. S. Aldis, M.A. Fcap. 8vo. 3s. Qd. 

A Chapter on Fresnel's Theory of Douhle Bei^ca/ctlon. By W. S. 

Aldis, M.A. 8yo. 2t. 
An Elementary Treatise on Optics. By Prof. Potter. Part X. 3rd Edit. 

9t.M. raxtlhas.9d. 
Physical Optics; or the Nature and Properties of light* By Prof. 

Potter, A.M. «». W. PartILT*. W. 
Heat, An Elementary Treatise on. By W. Gamett, B.A. Cwim 
- . Svo. 2s, w. 
Fignres IlhistratiYe of Geometrical Optics. From Sohelhach. By 

W. B. Hopkins. Folio. Plates. 10s, 6d. 
The ilrst Three Sections of Newton's Fnncipia, with an Appendix; 

and the Ninth and Eleventh Sections. By J. H. Evans, M.A. .6th Edit. 

Edited by P. T. Main, M.A. is. - 

An Introdoction to Plane Astronomy. By P. T. Main, MA. Fcap. 
8vo. Cloth. 4s, . . ^ 

PntcUcal and Spherical Astronomy. By B. Main, M.A. 8V0. , 14<. 

Elementary Chapters on Astronomyj from the '< Astronomie Phy- 
sique" of Biot. By H. Gk)odwin, D.D. Svo. 8«. 6d. 

A Compendium of Facts and FormnlsB in Pure Mathematics and Natoral 

Philosophy. By O. Bi. Smalley. Fc»p Svo. is. 9d. 
Elementary Course of Mathematics. By H. Goodwin,D.D. 6th Edit. 

Prohlems and Examples, adapted to the "Elementary Course of 
A. V*fh#natics.'^ 8rd Edition. Svo. 5a. 

Solutions of Goodwin's Collection of Prohlems and Ezami^es^ Bj 
W. W. Hutt, M.A. $rd Bditieu, revised aad enh^iKOd, Avo^ 9t, . 
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Uemtntary Examples in Pore Mathematics. By J. Tajlor. 8ya 

7«. 6d. 
Mechaokal EncUd. By the late W. Whewell, D.D. 6th Edition, fit. 
Mechanios of Constraction. With nnmerons Examples. By S. Fen^ 

wiok,F.R.A.& Svo. 12«. 
Table of Anti-Logarithms. By H. E. FilipowsM. 3rd Edit. 8yo. ld«. 
Mathematical and other Writings of B. L. EUis, MX 8vo. 16«. 
Motes oa the Principles of Pore and Applied Calcnlation. By Bot. 

J. ChaJUa, M.A. DemySvo. 16*. 
The Mathematical Principle of Physics. By Rev. J. Challis, M.A. 
Demy 8vo. 6*. 

HISTORY, TOPOGRAPHY, &c. 

Bome and the Campagna. By B. Bum, M JL. With Eighty-fire fine 

EngravingB and Twenty* fbt Mape and Plana. 4to. 81. St, 
The History of the Qngs of Bome. By Dr. T. H. Dyer. 8to. 16< 
A Plea for livy. By T.H.Dyer. 8vo. 1«. 
Soma Begalis. By T. H. Dyer. 8vo. 2«. 6rf. 
The Histoiy of Pompeii ; its Bnildingg and Antiquities. By T. H. 

Dyer. Srd Edition, brought down to 1874. Poet Svo. 7«. 6d. 
JUcient Athens : its History, Topography, and Bemams. By T. H. 

Dyer. Super-royal 8yo. Cloth. U. 5*. 
The Decline of the Boman Bepuhlic. By G-. Long. 5 Tds. 8vo. 

14*. eaeh. 
Jl Histoiy of En^^d during the Early and Middle Age& By C. H. 

Pearson, M.A. Snd Edit., revised and enlaiged. 8to. VoL I. lOi. 

Vol. II. 14«. 
ffistorical Maps of Eni^land. By C. H. Pearson. Folio. 2nd Edit. 

revised. 81«. 6d. 
Jk Practical Synopsis of English Histoiy. By A. Bowes. 4th Edit. 

8yo. 28. 

Student's Text-Book of English and General History. By D. Beale. 

Crown Svo. 2*. M. 
lives of the Queens of England. By A. Strickland. 6 vols, post Svo. 

$9, each. Abridged edition. 1 voL 68. 6d. 
Outlines of Indian Histoiy. By A. W. Hughes. Small post 8vo. 

B8.6d. 

The Elements of General Histoiy. By Prof. Tytler. New Edition, 
brought down to 1874. Small poet Svo. 8«. <ML 

ATI.18ES. 

An Atlas of Glassieal Geography. 24 Miq>s. By W. Hughes and 
O. Lon8r,M.A. New Edition. Imperial Svo. 13t.M. 

A Grammar-School Atlas of Classical Geography. Ten Maps s^cted 
from the above. New Edition. Imperial Svo. fit. 

Jlrst Classical Maps. By the Bev. J. Tate, M.A. drd Edition. 
. Imperial Svo. 79. M, 

^Standard lihnury AUas of Classical Geography. Imp. 8vo: Is. M, 
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PHILOLOGY. 

Hew Dictionary of the Eng^h Lancpiage. Combining Explanation 
with Vitymology, and copiously illucrtrated by Quotatiomi flrom the best 
Authorities. By Dr. Bi(mardson. New Edition, with a Supplement. 2 
vols. 4to. 42. 14«. M. ; half russia, 52. 1&«. 6d. ; rossia, eL I2i. Bappi»- 
ment separately. 4to. 12t, 

An 8vo. Bdition, without the Quotations, 15«. ; half russia, 20#. ; rusBia» 
Us. 

A Dictionary of the English Language. By Dr. Webster. Be-edited 
by N. Porter and C. A. Goodrich. With Dr. Ifahn's Etymology. 1 tqI. 
21*. With Appendioes and 70 additional pages of lUustxationa. 81«. 6d. 
'* The best practical English DionoHART mx.TAi!n.**~~^Mrterlf JUvkw, 

The Elements of the English Language. By E. Adams, Ph. D. 

14th Edition. PostSvo. 4«. 6<2. 
PMl<rtogloal Essays. By T. H. Key, M.A., F.R.S. 8vo. 10s. Qd, 
Langoage, its (Mgln and Development By T. H. Key, M.A., F.B^. 

Svo. 14«. 
TaROnianns. A Critical and Historical Introdaction to the Ethno- 
ffraphy of Ancient Italy and to the Philological Study of the Latin 
Language. By J. W. Donaldson, DD. Srd Edition. Svo. 16s. 

lE^onyms and Antonyms of the English Langoage. By Archdeacon 
Smith. 2nd Edition. PostSvo. 5s. 

Synonyms Discriminated. By Archdeacon Smith. Demy 8yo. 16s. 

A Syriae Grammar. By Or, Phillips, D.D. Srd Edit., enlarged. 
Svo. 7s. Hd. 

A Grammar of the Arabic Langoage. By Bev. W. J. Beamont, M JL 
12ino. 7s. 



DIVINITY, MORAL PHILOSOPHY, &c. 

Ho^nm Testamentom Graecnm, Textus Stephanie!, 1550. Gnrante 
F. H. Scrivener, A.M., LL.D. 16mo. 4s. M. 

By the tame Author. 

€odez Bezae Cantahriglensis. 4to. Q6s, 

A FnU Collation of the Codes Sinalticas with the Beceived Text of 
1^ New Testament, with Critical Introduction. 2nd Edition, revised. 
Fcap. Svo. 5s. 

4 Plain Ditroductlon to the Criticism of the New Testament. With 
Foi^ Facsimiles from Ancient Manuscripts. New Edition. Svo. 19$. 

8iz Lectures on the Text of the New Testament. For English Readers. 
Crown 8vb. «•• 



llM nem TefltaBient for Sngfish Beaders. By ihe late H. Alfbz4» 

D.D. Vol. I. Part I. Srd Edit. 12«. Vol I. Part II. , 2nd Edit IQs. 6d. 
Vol. II. Part I. 2nd Edit. 16». Vol. II. Part II. 2nd Edit. 16i. 
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Th6 Greek Testament By the late H. Alford, D.D. Vol. I. 6th 
Edit.n.8». Vol. II. ethBdit. 11. 4». V<d. III. 5th Edit. 18». Vol. IV. 
Part I. 4th Edit. 18«. Vol. IV. Part IT. 4tii Edit. 14«. Vol. IV., It. 12*. 

Companion to the Greek Testament By A. 0. Banett, MA. . 3ieI 

Edition. Foap. 8yo. 5«. 

Bints for Improvement in the Authorised Version of the New 
Testament. By the late J. Scholefield, M.A. 4tii Edit. Fcap. 8vo. 4m. 

liber Apologeticns. The Apology of TertuUian, with English 
Notei^ by H. A. Woodham, LL.D. 2nd Edition. 8vo. 8s. 6d. 

The Book of Psahns. A New Translation, with Introductions, &e. 
By Bev. J. J. Stewart Perowne, D.D. 8vo. Vol. I. 8rd Edition, 18». 
. Vol^ILBrdBdit. 16e. 



Abridged for Schools. Crown Byo. 10s. dd. 



The Thirty-nine Articles of the Church of England. By the Ven. 
Ardideacon Welchmau. New Edition. Fcap. 8vo. 8«. InterleaTod, 9$. . 

Pearson on the Creed. Carefully i^inted firmn on. early edittoil. 
With Analysis and Index by E. Walford, M.A. Poet Svo. 5s. 

An Historical and Explanatory Treatise on the Book of Common 

Prayer. By Rev. W. G. Humphry, B.D. 8th Edition, enlarged. Small 
post 8yo. 4s. 6d. 

The New Table of Lessons Explained. By Bev. W. 0. Humpfaiy^ 
B.D. Fcap. Is. 6d. 

^ Commentary on the Gospels for the Sundays and other Holy Days 
of the Christian Tear. By Rev. W. Denton, A.M. New Edftibn. 8 vob. 
8yo. 64s. Sold separately. 

Commentary on the Epistles for the Sundays and other Holy Days 

ofthe Christian Year. 2 vols. 86s. Sold separately. 

Commentary on the Acts. Vol. I. 8yo. 18^. Vol, II. in preparation. 

Jewel's i^logy for the Church of En^landj with a Memoir. 32mo. fit. 

Notes on the Catechism. By Key. A. Barry, D.D. 2nd Edit* 
Fcap. 3s. 

Catechetical Hints and Helps. By Key. E. J, Boyce, M.A. 3rd 
Edition, revised. Fcap. 2s. M. 

Examination Papers on Beli^ous Instruction. By Bey. £. J. Boyce. 
Sewed. 1». W. 

The Winton Church Catechist Questions and Answers on tl^ 
Teaching of the Church Catechism. By the late Bev. J. S. B. Mohsell, 
IiL.D. 8rd Edition. Cloth, 88. ; or in Four Parts, sewed. 

The Church Teacher's Manual of Christian Instruction. By Hey. 
M. F.Sadler. 8rd Edition. 2s. M. 

Brief Words on School Life. By Bey. J. Eempthorne. Fcap. 3s. 6d, 

Short Explanation of the Episties and Gospels of the Christian Tear, 
with Questions. Boyal32mo. 2s. 6d ; calf, 4s. 6d. 

fiutier's Analogy of BeHgion ; with Introduotion and lnde± by Bet. 
Br. Steere. New Edition. Fcap. 9s. 6d. 
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Butler's Three Sermons on Human Nature, and Dissertation on 
Virtue. By W. Whewell, D.D. 4th Edition. Fcap 8vo. 2$. 6d. 

Lectures on the History of Moral Philosophy in England. By W. 
WhewelJ, D.D. Crown 8vo. 8«. 

Elements of Morality, including Polity. By W. Whewell, D.D. New 

Edition, in Svo. 15«. 

Astronomy and General Physics (Bridgewater Treatise). New Edi- 
tion. 6<. 

Kent's Commentary on International Law. By J. T. Ahdy, LL.D. 

Svo. 16«. 

A Manual of the Boman Civil Law. By G. Leapingwell, LL.D. 8vo. 

12*. 



FOREIGN CLASSICS. 

A series for use in Schools, with English Notes, grammatical and 

explanatory, and renderings of difficult idiomatic expressions. 

Fcap. Sro. 

Schiller's Wallenstein. By Dr. A. Buchheim. 2nd Edit 6«. Qd. 
Or the Lager and Piccolomini, 3». Qd. WaUenstein's Tod, d». M.. 



Maid Of Orleans. By Dr. W. Wagner. 3«. 6rf. 
Maria Stuart By V. Kaslner. In the press. 



Goethe's Hermann and Dorothea. By E. Bell, M.A., and E. Wolfel. 

2«. 6tf. 

German Ballads, from Uhland, Goethe, and Schiller. By C. L. 
Bielefeld. Zs. 6d. 

Charles XII., par Voltaire. By L. Direy. 3rd Edit 3s. 6rf. 

Aventures de Telemaque, par F€n^lon. By C. J. Delille. 2nd Edit. 

Select Fahles of La Fontaine. By F. E. A. Gasc. New Edition. 3«. 
Picciola, by X. B. Saintine. By Dr. Dubuc. 4th Edit 3«. 6rf. 



FRENCH CLASS-BOOKS. 

Twenty Lessons in French. With Vocabulary, giving the Pronun- 
ciation. By W. Brebner. Post Svo. 4f . 

French Grammar for Public Schools. By Rev. A. C. Clapin, M.A. 
Fcap. Svo. 2ndBdit. 2«. Qd. Separately, Part I. 2«.; Part II. 1$. 6tf. 

Le Nouvean Tr^sor; or, French Student's Companion. By M. E. S. 
16th Edition. Fcap. Svo. 3«. M. 
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F. £. A. Gasc'b Febnch Coubse. 
First French Book. Foap. 8yo. New Edition. Is. 6d. 
Second French Book. New Edition. Fcap. 8vo. 2^. 6d. 
Key to First and Second French Books. Fcap. 8vo. 3s. 6d, 
French Fables for Beginners, in Prose, with Index. New Edition. 

12mo. 28. 
Select Fables of La Fontaine. New Edition. Fcap. Svo. Ss. 

Histoires Amosantes et- Instroctives. With Notes. New Edition. 

Fcap. 8vo. 2t. 6d. 
Practical Guide to Modem French Conversation. Fcap. Svo. 2«. 6d^ 
French Poetry for the Tonng. With Notes. Fcap. Svo. 2s. 

Materials for French Prose Composition ; or, Selections from the best 

Bnfi^iah Prose Writers. New Edition. Fcap. 870. U.M. Key,6t. 
Prosatenrs Contemporains. With Notes. 8yo. New Edition, revised* 

he Petit Compagnon; a French Talk-Book for Little Children. 

16mo. 2t. M. 

An Improved Modem Pocket Dictionary of the French and English 
Languages. 20th Thoiisand, with additions. 16mo. doth. U. 

Modem French and English Dictionary. Demy Svo. In two vols. 
Vol. I. F. and E. I5s.; Vol. II. B. and F. 10«. 



Gombert's French Drama. 

Being a Selection of the best Tragedies and Comedies of Moli^re^ 
Baoine, CorneiUe, and Voltaire. With Aisfuments and Notes by ▲. 
Oombert. New Edition, revised by F. E. A. Oasc. Foap. Svo. 1$. each; 
sewed, 6d. 

CONTBVTS. 

MoLisBE :—Le Misanthrope. ^ L'Avare. Le Boui^geois Oentilhomme. Le 
Tartiifb. Le ICalade Imaginaire. Les Femmes Savanies. Les Fourberiea 
de Scapin. Les Pr^cieuset Bidicules. L'EcoIe des Femmes. L'Bcole des 
Maris. Le MMedn malgri LoL 

RAomE :— Fh6dre. Esther. Athaiie. Iphig^nie. Les Plaidenrs. 
P.CoBNMLLi:— LeCid. Horace. Cfama. \iln the press. 

YoLTAiKE :— Zaire. 

Others in preparation. 



GERMAN CLASS-BOOKS. 

Materials for German Prose Composition. By Dr. Bachheim. 4th 

Edition revised. Fcap. 4«. 64. 
A German Grammar for Public Schools. By the Bev. A. C. Clapia 

and F. HoU MiUler. Foap. 2s, 6d. 
Eotzebnes Der Gefangene. With Notes, by Dr. W. Stromberg. Is. 
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ENGLISH CLASS-BOOKS. 

The Elements of the English Language. By E.Adams, Ph.D. 14th 

Edition. PoetSvo. 4». W. 
The BucUments of English Grammar and Analysis. By E. Adams,. 

Ph.D. New Edition. Fcap. 8vo. 2*. 

By Rev. C. P. Mason, B.A. London. 
First Notions of Grammar for Young Learners. Fcap. 8vo. Cloth. Bd. 
First Steps in English Grammar for Junior Classes. Demy l8mo. 

New Edition. U. 
Outlines of English Grammar for the use of Junior Classes. Cloth. 

ls.6d. 

English: Grammar, including the Principles of Grammatical Ana- 

lysis. 20th Edition. Post 8yo. 3i.6d. 
The Analysis of Sentences applied to Latin. Post Bvo. 1^ 6d, 
Analytical Latin Exercises: Accidence and Simple Sentences, &c. 

Post 8vo. ds. 6d. 

Edited for MiddU'Class Examinations, 
With Notes on the Analysis and Parsing, and Explanatory Remarks. 
Milton's Paradise Lost, Book I. "With Life. 3rd Edit. Post 8vo. 2s- 
■ Book II. With life. 2nd Edit. Post 8vo. 2». 

Book III. With Life. Post 8vo. 2«. 

Goldsmith's Deserted Village. With life. Post 8vo. Is. ^d. 
Cowper's Task, Book IL With life. Post 8vo. 2s. 
Thomson's Spring. With Life. Post Bvo. 2s. 
Winter. With Life. Post 8vo. 2s. 



Practical Hints on Teaching. By Rev. J. Menet, M.A. 4th Edit. 

Crown 8vo. Cloth, 2«. 6(2. ; paper, 2«. 
Test Lessons in Dictation. Paper cover, Is. 6rf. _ ^ ^ « 
Questions for Ezandnations in English Literature. By Bev. W. W 

Bkeat. 2«. 6<2. 
Drawing Copies. By P. H. Delamotte. Oblong 8vo. 12«. Sold also 

parts at Is. each. 
Poetry for the School-room. New Edition. Fcap. 8vo. Is. 6d. 
Select Parables: from Nature, for Use in Schools. By Mrs. A. Gatty- 

Fcap. 8vo. Cloth. Is. 
School Becord for Young Ladies' Schools. 6d. 
Geographical Text-Book; a Practical Geography. By M. E. S. 

12mo. 2». ^ , 

The Blank Maps done up separately. 4to. J«. colouret 

A Krst Book of Geography. By Rev. C. A. Johns, B.A., r.L.S. 

Ac. Illustrated. 12mo. 2s. 6(2. 
Loudon's (Mrs.) Entertaining Naturalist. New Edition. Revised by 

W. S. Dallas, F.L.S. fis. 
Handbook of Botany. New Edition, greatly enlarged by^ 

D.WooBter. Ycag. 2«. (hf. 
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The Botanist's Pocket-Book. With a copious Index. By W. B. 

Hayward. Crown «vo. Olotli limp, 4«. W. 
Experimental Ghemistiyi founded on the Work of Dr. Stdckhardt, 

fiy C. W. Heaton. FofttSvo. 6*. 
Cambridgeshire Geology. By T. G. Bonney, F.G.S. <&c. 8yo. 3s. 
Double Entry Elucidated. By B.W.Foster. 7th Edit. 4to. 8s.6rf: 
A New Manual of Book-keeping. By P. Crellin, Accountant. Crown 

8vo. 8«. 6tf. 

Picture School-Books. In simple Language, with numerous Dlus- 

tratioTUi. Royal 16ino. 
T. School Primer. W.— School Reader. By J. Tilleard. 1*.— Poetry Book 
for Schools. 1<.— The Life of Joseph. Is.—The Scripture Parables. By the 
Rev. J. B. Clarke. 1« — The Scripture Miracles. By the Rev. J. B. Clarke. 
1».— Tlie New Testament History. By the Rev. J. G. Wood, M.A. 1».— The 
Old Testament History. By the Rer. J. G. Wood, M.A. 1».— The Story of 
Bunyan's Pilgrim's Progress. 1«.— The life of Christopher Columbus. By 
Sarah Crompton. 1«.— The life of Martin liUther. By Sarah Crompton. 1*. 

By the late Hobaoe Gbant. 
Arithmetic for Young Children. Is. Qd, 

Second Stage. 18mo. 3*. 

Exercises, for the Improvement of the Senses. 18mo. Is. 
Geography for Young Children. 18mo. 2«. 
Books f or Young Readers. In Eight Parts. Limp cloth, %d, each ; 
or extra binding, 1«. each. 

Part I. contains simple stories told in monosyllables of not more than four 
letters, whidi are at the same time sufficiently interesting to preserve the 
attention of a child. Part II. exercises the pupil by a shnilar method in 
dightly longer easy words; and the remaining parts consist of stories 
graduated in difficulty, until the learner is tau^t to read with ordinary 

BELL'S READING-BOOKS. 

FOR SCHOOLS AND PAROCHIAL LIBRARIES. 

The popularity which the Series of Reading-books, known as ** Books for 
Toung Readers," has attained is a sufficient proof that teachers and pupils 
alike approve of the use of interesting stories, with a simple plot in place of the 
dry combination of letters and syllables, making no impression on Uie mind, 
of which elementary reading-books generally consist. 

The publishers have therefore thought it advisable to extend the application 
of this principle to books adapted for more advanced readers. 

NowRe€tdy. 
Masterman Ready. By Captain Marryat. \s. Qd, 
Parables from Nature (selected). By Mrs. Gatty. Fcap. 8vo. Is. 
Friends in Pur and Feathers. By Gwynfiyn. Is. 
Robinson Gmsoe. ]«. 6d, 
Andersen's Danish Tales. By E. Bell, M.A. Is. 

In preparation . — 
Grimm's German Tales. (Selections.) 



London : Printe by Johk Straw gewats, Castle St. ficicestt r S i 
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